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Foreword

With increasine interest in Verticallshor:Kzakc Off and
Landine (V/STOL) aircraft by the military services it was
deternined that it wculd te te the advantare of the U.S. haval
Trainin~ Device Center to cather tonether in onc rejort a study of
axis svstens used for rerrescentation of such airiraft, and to
develop reneral acrcdynamic cquations of motion which may be used
in simulation of these aircraft. This cffort has‘'been accomplished
in this report, for five cxpcrimghtal catecories of V/STOL\aircraft,
cach of which, as of this date, appear to nive promise of Vecoming

nperaticnal, - ‘tzii;”,/
| Comr & Caslle-

—
Carmine C. Castellano
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U.Se. Naval Training Device Center
//

e

Reproduced From
Best Available Cog!’

e

123




Section

I

II

II1

Iv

NAVTRADEVZEN 1206<2

TABLE OF CONTENTS

INTHOD'»ICTIONQ..‘O..Q&..ooootcoco
AXISSYle‘.“WSOOOOOO'..Qol......0.

Method of Selection .+ o o « o &

Particular V/STOL Configurations « « « o o o« ¢ o o o
Tilt WINg o o o o o o o o s ¢ o o o ¢ o ¢ o o
Tilt Duct o o o o o o ¢ & o o s 0 o o o o o o o
Tilt Prop o o o o ¢ o o o o o o o ¢ s o o s o
Fan-In-Wing ° [ . . . ] - [] [} L) . 3 . . L] ] . °
Rotating Thrust and Deflected Thrust . . « . &

MAT}{ EMAT ICAL ML)DEL L * . L] L L L L3 . L . . o » * L] L4

Conventional Flight Mode of V/STOL Aircraft . « « .
Mathematical Model of Conventional Flight Mode

of V/STOL Aireraft « o o « o o o o o o o o o o

"Examination of Coefficients for V/STOL Aircraft

in Conventional Flight Mode « « v ¢ ¢« ¢« « ¢ + &
Statement of Equations for V/STOL Aircraft in

Conventional Flight Mode . . .« . +

Additional Axis System Selection . . « + « & &
V/STOL Aerodynamic Coefficients « « + o« o « o
V/STOL E‘qu;"tions Of Motion e o ¢ o e o e o o o

EQUATIONS “)F MOTION FOR V/STOL ATRCRAFT . . . « . .

Tilt, WINZ ¢ o o ¢ o o ¢ o ¢ ¢ o o o o o «
Axis Systems for XC=1),24 .+ & ¢ o o o @
Aerodynamic Forces and Moments XC-1),2A
Equations of Motion XC-1)24 ., . . .

TiltDuct s & e & o 8 & & 0o 0 » 0 + &
Axis Systems for the VZ-,DA . . . .
Aerodynamic Forces and Moments VZ-),D
Equations of Motion VZ-/DA ., . . .

Tilt?ropellel'.............
Axis Systems for X19 .+ . . ¢ o & &
Aerodynamic Forces and Moments X-19
Equations of Motion - X-19 . . . .

Fan-In-Wing..........-...
Axis Systems for the XV-GA ., ., . .
Aerodynamic Forces and Moments XV-SA
Equations of Motion XV-6A ., ., . . . .

Rotating Thrust . + ¢« ¢ ¢ ¢ ¢ ¢ ¢« . ¢ .« .
Axis Systems for the P,1127 . . . . .
Aerodynamic Forces and Moments - P,1127
Equations of Motion - P,1127 . . . « &

e ¢ & @ 8 o
e o o o o ¢
® o o o ® o
e o o e o

e e - . . 9 . > o .
P . L] L] L] L ] L ] L] [ ] L] ] ) [ [ )
® & @& 6 & ¢ ¢ & o o ° e @

i3

e o o e e o

® [ ] - » * * L] [ Ld [ ] L L] L J

~N

@+ 1@ oLV ; RUANRFVIVERE.S |

11




NAVTRADEVCEN 1205-2
TABLE OF CONTENTS

_S_ge_gtion Page

V BIBLIOGRAPHY S 8 ¢ o o & & 0 ® & s 5 5 9 & o o 0 o+ *+ @ 92
APPENDIX A ¢ 9 & ¢ & & & ® @& ¢ % s & 8 s & e * o+ e o+ o 93
DERIVATION OF BASIC EQUATIONS OF MOTION & ¢ « o o o o 93

iv




NAVTRADEVCEN 1205-2

LIST OF TARLES

Table Pape
1. Dimensioniess Coefficients Used for Basic Aircraft . . . 1)
2e Selected Physical Characteristics XC-142A . . ¢« ¢ ¢ &+ & 20
3. Definition of Symbols Used in XC-1[2A Equations . . . 21
Jie Selected Aircraft Characteristics - VZ-) DA . . . ¢« « & & Lé
o Definition of Symbols VZ=LDA '« ¢ ¢ o ¢ o o ¢ o o s o & L7
6. Definition of Symbols Used in X-19 Equations ., . « « + 6L
7. Selected Physical Characteristies - XV-6A , ., « . . . & 80
8. Selected Physical Characteristics P,1127 . ¢« « o ¢ ¢ & & 8s

LIST OF ILLUSTRATIONS

Figure Page
1. Three-View of XC-1)2hA ¢ ¢« « v ¢ ¢ o« ¢ ¢ o o o ¢ s o o & L
2. Three=View of VZ=}DA &« o ¢ ¢ ¢ o o ¢ ¢ s o ¢ o o o o & 6
3. Three-View of X<19. ¢ o ¢ ¢ ¢ ¢ ¢ ¢ ¢ o ¢ o o o o ¢ o o 7
Lo Three-View of XV=5A ¢ ¢ &« ¢ & o o o ¢ o ¢ s o o o o o 9
Se Three-View of Pol127 . & o o o o o o o o o o o o s o o 10
6. Wing Stability Axis System ., . ¢ ¢ ¢ « o ¢ o &+ ¢ o o 23
Te Main Propeller Axis System ., ¢« . o ¢ ¢ o ¢ ¢ o o o o o 2l
8. WinZ AXES ¢ o o ¢ o o ¢ o o o o 0 o ¢ e 06 06 0 o o o s o 33
9. Duct Tilt AX1S & ¢ o ¢ ¢ o o ¢ ¢ ¢ o o ¢ ¢ o o o0 o & 51

1C. Duct Fan AX18 ¢ o o o s ¢ o o o ¢ ¢ o ¢ o o 0o o ¢ s s o €2
Al. Inertial ani Fuselage AXe68 . « ¢ o ¢ o ¢ s ¢ o o o o o 102




NAVTRADEVCEN 1205-2
SECTION I
INTRODUCTION

The purpose of this report is to promcte an understanding of
V/STOL analysis for simulation purp.ses and to develop equations of
motion in a form most compatible to either analog or real-time digital
solution., Only V/STOL aircraft configurations are considered in this

analysis,

In Section II of the report a method of attack for the gsneral
V/STOL problem is developed and various axis systems are selected.,
The method developsd is then applied to a number of different types
of V/STOL aircraft., A model and its conceptual representation are
daeveloped in Section III., This model may be used as a guideline in
developing equations of motion for various types of V/STOL aircraft
but cannot be further simplified in general, The various terms in the
final squatiions for a particular aircraft conf!guration must be ana-
lyzed for the magnitude of their contributiona before final simplificae

tior is possible,

The XC-lL2A tilt-wing and the VZ-4DA tilt-duct aircraft are used
to 1llustrate equation development in Section IV. Eguations are pre-
sented though not painstakingly developed for the X=19 tilteprop, the
XV-SA fan-in-wing and the P,1127 rotating thrust. A great deal of the
symbology ussed for these different V/STOL aircraft is used just as pre-
sented by the respactive marufacturer in order that verifying data might
be available in the proper form at the earliest possible time, At pre-
sent it appears that the equations developed will comprise a minimum
requirement, Terms in these equations which prove in flight test to be
sufficiently small, will be discarded. Analysis of flight test data mey
enable simulation with leaa rigorous ejquations but no such simplifica-
tion can now safely be made,

A bibliosgraphy and Appendix A dealing with basic concepts of axis
systems and equations of motion have been provided for the convenience

of the reader,

71T Refer to MIVIRAIEVCEN 1205-1 for an analysis of single and tandea
rotor helicopter configurations,

1




NAVTRADEVCEN 1205-2
SECTION TI
AXTS SYSTEMS
METHOD OF SELECTION

We will initially consider that the aircraft is operating out of
the V/STCL region., This aircraft whether it be a transport, observa-
tion plane, subsonic interceptor or any similar type of vehicle can te
considered to be operating ir. a conventional flight regime. A descrip-
tion of both the equations of motion and necessary axis systems for this
mode of operation has been done, notably by Connelly and others in Refer-
ences 2 and 7. Connelly, in Reference 2, discusses simulation of fixed-
wing aircraft and presents optimum representations of the equations of
motion which may be used for construction of a computer. Following the
recommendations of Reference 2, we will use wind axes for the descrip-
tion of forces and aircrat't body axes for the descripticn of moments
in the conventional flight regime,

Appendix A is provided as an aid to the reader, In Appendix A the
definitions of inertial and body axes are developed. Transformations
between inertial and body axes as well as diagrams illustrating their
relationship to one another are shown.

The minimum set of terms in the equations of motion of a V/STOL air-
craft that enable a descrirtion of its conventional mode of flight will
be designated as a necessary description of the particular V/STOL air=-
craft. When the aircraft is in such a normal flight attitude, fewer axis
systems and aerodynamic coefficients may be needed for description than
during hover or transition flight, For some V/STOL configurations the
axis systems available for fixed-wing aircraft will be sufficient; how=-
ever for other V/STOL configurations additional axes must be defined.

The capability of a V/STOL aircraft to change its physical configuration
during vertical and transitional flight may indicate the need of addi-
tional axis systems, In addition, the consideration of available aero-
dynamic data for a particular vehicle may indicate the incliusicn or
exclusion of certain aerodynamic coefficients while traversing the V/STCL
region.. The additional terms generated by consideration of the V/STOL
region, together with the minimum set of terms developed by consideration
of the conventional flirht regime, will constitute a necessary and suffi-
cient decrrirtion of the equations of motion for the V/STOL aircraf:,

7t is to be expected that any physical change in the actual config-
uration of the aircraft wil!l probably necessitate the definition of addi=-
tional axes, but the existence of a change in &ircraft configuration or
the use of additional thrust producers in the V/STOL region of fl.ght
does not necessarily force the development of new axis systems in addie
tion to those already svecified for the fixed-wing aircraft. Each type
of aircraft must be treated individually and new axes developed only when
the effects of the special features of the aircraft configuration cannot
be accur.telv, economically and adequately handled with the axis systems

used tc describe the conventional mode of flight,
2
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The most simple case of confipuration change would be that causing
physical rotation of the thrust vector., This can be accomplished by tilte
ing one or more wings at the same or different rates or by tilting two or
more ducted fans, propellers or rotors, Thrust rotation can also be ac-
complished by deflecting the flow from a thrust source such as a ducted fan,
Yet another method of achieving V/STOL capability which may require special
axis system treatment is the use of special thrust producers in the V/STOL
region of flight that are completely separate from the thrust producers
utilized in the conventional mode of flight. These separate sources of
thrust take the form of jet engines, fans, or completely discrete paths for

jet exhaust,

Possible axis systems for aircraft configurations involving such de=-
vices are presented below,

PARTICULAR V/STOL CONFIGURATIONS

We will now consider some examples of the use of additional axes to
describe particular V/STOL airecraft. In the final consideration of a
given V/STOL axis system the form of coefficient and performance data availe.
able for the given aireraft will contribute, to a certain extent, to the
choice of axis systems for simulation of that aircraft,

TILT-WING. A current example of tiltewing aircraft is the Tri-Service
XC-1L42A Transport under development by LingeTemco=Vought, Hiller Aireraft
and Ryan Aeronautical Company, Figure 1 is a line drawing of this air-
craft. The XC-1L2A is powered by four G.E. T-Ai turbo=prop engines,
These engines are mounted on a wing which can be tilted to an arngle of
100 degrees from the x-y plane of the aircraft body axes such that hover
in a tail wind is possible, The tail assembly is composed of a vertical
fin =ard rudder, a movable horizontal stabilizer (no elevator) and a tail

rotor for pitch stabilization.

Tn order to reduce the problem of keeping track of the relative
orientation of the wing chord and the wind as well as the orientation of
resulting force vectors, a wing axis system is defined, This system has
its origin at the wing pivot point and has its x-g plane coincident with
the body axis x=-z plane, The system rotates with the wing such that the
wing x axis is always parallel tc the wing chord. Further, & set of wing
stability axes is defined analogous to stability axes of fixed-wing air-
craft, This system is rotated about the wing y axis by the angle of attack
of the wing; i.e., the angle formed by the projection of the aircraft
velocity vector on the x-z plane of the wing axis system and the wing x axis,

Also, in the transition and hover regions the forces developed at
sach propeller becoms the primary components of the stability of the
aireraft, Therefore, an axis system (the propeller axis syster) is speci-
fied for each main propeller. It may also be necessary tc develop a
propeller axis system for the tail rotor of some similar configurations,
but this is not necessary for the XC-1L2A as shown in subsequent portions

—r——-ot—th;o-nport.
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Figure 1. Three-=View of XC-1}2A
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These axis systems enable the development of force and moment ex-
pressions for the wing, main propellers and the tail rotor. The result-
ing forces and moments are transformed to ajrcraft body axes and there
incorporated into the total force and moment equations, These axes in
conjunction with inertial, body and wind axes would comprise a sufficient
description of axes for simulation of a tilt-wing transport,

TILT-IMCT, An example of the tilt-duct is the VZ-yDA of DOAK Aircraft
Company. This is a small aircraft with tiltable ducted fans, one at

each wing tip. The tail assembly is composed of a vertical fin and
rudder, a horizontal stabilizer and reaction controls., As for the tilt=
wing it is desirable to compute the direction and magnitude of the thrust
vectors from each ducted fan in order to simulate a trim aircraft in the
V/STCL region., In order to accomplish this each rotatable ducted fan
should contain an axis system, The resulting force and moments are trans-
formed to the aircraft body axes by considering the angle of tilt of the
ducts with respect to the wing, Figure 2 is a line drawing of this aire
craft,

Another example of the tilteduct is the oroposed L ducted fan VTOL
transport, the Rell D2127 of Bell Aerosystems Company. Here again axes
for duct velocities and duct thrust vectors «re desirable, Attached to
the aft side of each duct are wing areas in line with the air flow, These
wing areas rotate with the ducts. Forces and moments created by these
surfaces can be computed in the axis system defined for the ducts, and
then transformed to fuselage axes through the duct tilt angle, thus
enabling summation of total forces and moments, In general, the thrust
output of a ducted fan varies with its direction of flipght with respect
to axes located in the duct. The thrust output is not necessarily col-
linear with the axis of the fan, The components of force perpendicular
to this axis become significant in the total moment equations and in
general, these components of force have varying lever arms on which to
act and become particularly significant terms in vertical or near verti-

cal flight,

TILT-PROP., An example of this type of aircraft is the Curtiss<Wright
X-19, Figure 3 is a line drawing of this aircraft which has two engines
driving four propellers., Four tilting propellers are mounted in nacelles
at the tips of tandem high wings, Stabilization results from variance in
the control of pitch at each propeller, Pitch angle control comes from
similtaneous change in the pitch of the forward propellers and the aft
propellers respectively. Roll angle control results from simultaneous
change in the pitch of starboard propellers and the port propellers
respectively. Yaw angle control is developed from simultaneous change

in the propeller pitch of diagonally cpposite propellers, Since the
propeller nacelles rotate, a nacelle incidence angle is defined with
respect to the aircraft body axes, In order to account for the variance
in magnitude and direction of the forces developed at each propeller

_individual axis systems will be defined, The propeller axis avstems in

addition to the axis systems of the conventional aircraft enable a suf-

jcient description of the equations of motion of the X-19. Propeller
axes are required hecause of the importance of nonaxial components of
thrust in each nacelle.




fl]_
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Figure 3, Three-View of X-19,
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ULl VRWTINGY, An example of this type of aircraft is the General Fleetric/
yan Aeronautical XVeTA V/STOL research aircraft, Firure L is a line
drawing o~f such an aircraft, For this aircraft exhaust rases are emitted
strairht out the tail pires in normal flirht. ‘For transition to, and
operation in, vertical flirht the tailpires are blocked off and the ex-
haunt rases are diverted to three free wheeling fanse~-one in the nose and
a pair of larpe 1it't fans emhedded in the wings. The thrust developed

out ot each fan is controlled by fan exit louvers, The thrust is propor=-
tional to fan rem, and its direction is controlled by the setting of the
louvers., 1t thrist versus fan rpm data and louver positi-n versus thrust
data were available such that the direction and marnitude of the thrust

at each fan could be described, then forces and moments could be developed
in existing wind and body axis systems so that the aircraft could be
similated by methods already developed for subsonic jet aircraft. How-
ever, if necessary, an axis system describing louver position could be
developed in order to keep track of fan thrust during transition and hover

conaditions,

ROTATINS THRI'ST AN™ TEFLECTED THRUST, An example of rotating thrust is
the Hawker P,1127 t=.rsonic V/STOL strike fighter, Figure 5 is a line
drawing of such ar a.reraft. A deflected thrust aircraft example is

the VTCOL trainer =:: rt aircraft, X-1l4A, by Bell Aerosystems Company.
The P.1127 is powered by the Fristcl Siddeley BS 53 engine which has four
similtaneous rotating nozzles, The thrust being ejected from each nozzle
is capable of being rotated through an angle of 100 degrees from a pcsi-
tive X-aircraft body axis, Nozzle deflection angles over 90 degrees
allow for braking flight during a STOL maneuver., For this system we

keep track of the thrust vectors from the exhaust nozzles of the power=
plant. This can be done by tracking the rotation of the main exhaust
nozzles with respect to body axes, No extra axis systems appear to be

necessary.

In the case of the X=-1l4A, thrust diverter position and power output
of the engines may give enough information to determine thrust magnitude

and orientation,

For hoth the P,1127 and X1Lh-A, no additicnal axis systems are neces-
sary for the development of the equations of motion for the purpose of
simulation, Aerodynamic data should enable thrust calculations in wind
or body axes, and the consequent direct corr:tation of aerodynamic forces

and moments,
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SECTION III
MATHEMATICAL MODEL

In this section we will construct a mathematical mode! which can be
applied to the simlation of any V/STOL aircraft. With this model,
equations of motion for various V/STOL aircraft configurations are evolved
in Section IV. The approach used in deriving these equations of motion
will enable the reader to develop simulation equations--as needed--in a
systematic and simple manner for V/STOL configurations that are evolved in

the future,

The method of attack is to start with the equations of motion repre~
senting the conventional mode of operation of the V/STOL aircraft; to
choose appropriate axis systems based upon the particular aircraft which
are in addition to the inertial, body, stability and wind axes; to deter-
mine the V/STOL aerodynamic characteristics not simulated by the aircraft
in its conventional flight mode; and finally to write the equations of
motion for the V/STOL aircraft, The first objective is to develop the
idea of a conventional flight mode.

CONVENTIONAL FLIGHT MODE OF V/STOL AIRCRAFT

The V/STOL aircraft (in the conventional mode of flight) is de-
scribed by a set of necessary equations. There is no attempt to define
whether they apply to single or multi-engine propeller or jet aircraft.,
The configuration of the aircraft is not defined other than there are
control inputs for rudder, elevator, flap and aileron. There is no
indication as to low or high performance or mission, Modifications of
the basic simulation equations describing this model will depend upon
the particular V/STOL aircraft, Consequently, specifying the particular
aircraft enables the addition, if warranted, of the factors which allow
the necessary equations of the aircraft operating in the conventional
flight mode to become a necessary and sufficient set of simulation equa-
tions., In conjunction with the following, the development in Appendix A,
and Reference 2, we are able to write the equations for a V/STOL aircraft
in t..e conventional flight mode.

MATHEMATICAL MODEL OF CONVENTIONAL FLIGHT MOIE OF V/STOL AIRCRAFT. The
com ~ntional flight mode is represented by a set of three force and
three torque equations. Linear and angular rates are obtained from

these equations,

Linear Motion. The following are the force expresaions(l)(z),
N Ni
Fo = F; (1e1,2,3)
e » external
I = internal
N = inertial axes
(1) See Aprendix B of NAVTRAIEVCEN 1205- d Append T 4R

(2) Connelly, reference 2, develops similar equations of motion,
11
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The EFNi are the total external forces which are composed of aero=-
dynamic and gravity forces and the XFNi are the total internal forces,

We can view the aircraft as a system of mass points such that the dis-
tance between pairs of mass points are constant throughout the alrcraft's
motion, This is a rigid body, and consequently work done by internal
forces between pairs of mass points vanishes, However, since we have a
rigid body the center of mass of the mass points (mI) is concentrated at

a single peint and the radius vectors (rI) from the inertial frame to

each arbitrary mass point are replaced by a radius vector r to the center
of mass, We then have the following:

-. - \

M= EmI mass of the aircraft

Equation (3.1) is expanded to give:

R

To facilitate the description of forces aircraft body axes are
located at the center of mass of the aircraft, Forces described in the
Ni axes are tranaformed to the xi body axes as shown in Appendix A, We

have then the following equations:

21{1 = M(J + Wg, = V r)

zFiz e M(V+Ur =W p)
XFXB «MWe+VpeUaq,)
e 1
In equations (3.3) the following identifications are made:

zFfi = Aerodynamic Forces + Gravity Force + Engine Thrust
where X1 » x, X2 @y, X3 = z, T = engine thrust, and Gp is the angle
of the thrust line with respect to the x<body axis,
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So that there is

IF: =X, -Mgsin @ + T cos Qp

Iﬁy =Y +Mgcos 6 sin ¢
e a

(3.4)
z
EFe =2 +Mpcos8cos®~Tsin a,
From (3.3) and (3.L) the force equations in aircraft hody axes are:
Xy * M (U » wa -Vr) Mg sin 8 « T cos ap
Y =M (6 +Ur «Wp) =Mg cos 6 sin & (3.5)

a

7 [ ] . - - 3
2 "M (WeVp Uql) Mg cos 6 cos & + T sin T

Angular Motion. Following are the tarque expressions for tre aircraft

in conventional flight., It is practically a universal practice to
develop aircraft angular motion in body axes both in the aircraft mam-

facturing and similator indusiry, For simulation purposes this practice
avoids the added problem of transformations of the products and moments
of inertia which would be required if other axis systems were used., From
Appendix A we write for the torque components the usual dynamic terms in-
volving products and moments of inertia, angular velocities and accelera-

tions, and the coupling of angular velocities,
Ly = Ij3 P = Ij3 (F +pay) # (I35 = Ipp) qyr
. 2 2
Ma - 122 ql - I13 (r® - p )+ (Ill - 133) pr (3.6)

Ng = I33 7 = I3 (p = qyr) + (Ip; = 135) Py

In the equations of 3,6, the x=-z plane of the aircraft body axes is a
plane of symmetry. Consequently products of inertia (112, 121, 132)

are zero, La’ Ma and Na are the aerodynamic coafficients necessary to
describe any V/STOL aircraft in conventional flight,

13
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T R AT R o

COEFFIAIENT FORCE OR TORGUE EXPRESSION
| [ 2
X, Cy (n, ¥a) %o vsc, (a, Ma)
1 2 /
cx(B) 5 ° ' scx(e)
1.2
XeF 2 *F
. 1,2 | !
Y, cy 5 0 v scy 8 \ #
8 B §
2 ¢ (a, Ma) 1 y2sc (a, Ma) | §
a 1z 2 z \ %
Cz %— [o] VZSCz ° 6F 1
5F 5F
c, %_. o V2sC C . E
5E 5E
1 2 .
L, Cle 5 0 V°Sb Cle 8
6 % o VPSb C . BA
‘//,GA 6A
cy 1ov? shlc, . em
&R 2 \\\ 6R &
¢ % o V2 Sb C, .+ 6R !
5R SR
¢y ﬁ. o VSb2 C, P
p p
1 2
C - 0 VSb C . 1‘
1, L 1.

i e

T e P N S R AT L L e

Table 1, Dimens.cniess Coerficients Used for Basic Aircraft

Reproduced From
3l Best Available Copy
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COEFFICIENTS FORCE OR TORQUE EXPRESSION
M ¢ (a, Ma) Loviscc (a, Ma)
a m ’ 2 m 4
1.2
C oV Sc C . OF
MsF 2 MeF
1.2
c L1ovéiscc .8
MoK 2 MsE
1 2
Cn NG VS C, 9
%" %y
1 2 .
c_. pVSc C ., .a
’ pev s o,
1 .2
N, an EOVSanB.s
c_ 1, v C, . A
5A 2 A
c, %- o V2 Sb G, . 6R
R 6R
1 2
c L vslc .op
[o]
"p L o
1 2
c pVEC L,
n,. I nr

V # Alircraft velocity

p 2 Alr density

v
"

Wing area
b ¥ Wing span
¢ £ Mean aerodynamic chord

Table 1. Dimensionless Coefficients Used for Busic Aircraft (Cont'd.)

15




NAVTRADEVCEN 12052

“XAMINATION OF COEFFICIENTS FOR V/STOL ATRCRAFT IN CONVENTIONAL FLIGHT
MODE., Following the work presented by Connelly in Reference 2, we will
state that the coefficients listed in Table 1 constitute a necessary
number of aerodynamic coefficients in order to develop the aerodynamic
forces and moments for a V/STOL aircraft in conventional flight, In
many cases actual manufacturers' data may not be available for just these
specific coefficients. For example, data are usually available in terms
of coefficient of 1lift (CL) or drag (CL) which in turn can be transformed

to give Cy and Cz' Table 1 is then a 1list of what is considered to be a

minimum number of aerodynamic coefficients to describe the aircraft in

conventional flight, Modification of this list is possible when the
flight of the aircraft is described in the V/STOL region,

For an actual V/STOL aircraft the equations for X, Y, 2, La, My
and Na may contain terms due to the specific effect of various aircraft

components--the wing, propeller(s) or ducted fan, the fuselage, vertical
tail and/rudder, horizontal tail, and devices to insure trim flight such
as a small variable direction thrust propeller or ducted fan., Each of
these forces and moments due to the various aircraft components will
have associated aero’rnamic coefficients--some common to the aircraft in
conventional flight and other aerodynamic coefficients applicable only
to the particular V/STOL aircraft,

STATEMENT OF EQUATIONS FOR V/STOL AIRCRAFT IN CONVENTIONAL FLIGHT MODE.
From the force equations (3.5) and the torque equations (3.6) and the
data of Table 1 we can write a set of equations for the aircraft in
conventional flight. It must be remembered that these equations are
only guidelines, They give us an insight into what will be contained
in the simulation of a V/STOL aircraft. The equations which follow
(3.7 to 3.12) are written in aircraft body axes and do not include ef-
fects due to landing gear or other variations in external stores or the

aircraft configuration,

X Force Equation

%o V25[Cx(a,Ma) +C (f) +C_ &F] =
. oF (3.7)
m(U + Wq, - Vr) + mg sin 6 = T cos ap

2
o vV's
(U + qu e Vr) = p-?ﬁ-[cx(a, Ma) + Cx(e) + stF. 6F) -« g sin 6
T
+ H cos a.r

Y Force Equation

% o st(yse - m(é +Ur « Wp) = mg cos 0 sin &

. ves
(V+Ur =Wp) @mp——C_ , 8+gcos 6 siné

2m yB

16
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Z Force Equation

-:—p v2s (C,(a, Ma) +C, . 6F+C_ . 6E] (3.9)
5F 5E

.m(x::+Vp-Uq1)-mgcosecoséé‘.!‘sincz.r
or 2

[ ] v S
W+ Vp = Uql) b == [Cz(a, Ma) + Csz . SF + CZGE . SE]

T
+ g cos Gcostb--n-lsina,r
Roll Equation

i. o VSb(2VC, . B + 2vc16A . 6A + 2vc15R . 6R + bClp. P (3.10)
8

+ bC I r)
lr

= Illi) - 113 (1.' + pql) + (133 - 122) qlr

or

T (Las = Tpp)
p-+f}é(r¢pq1)-—-%lqlr

1 11
0 = (2, . B+2VC, , BA+20C, . ER+bC . P+bC .r)
11 8 8A 8R L r

Pitch Equation

1
[ P VSel2VC,(a, Ma) « 2vcm5F. &F + 2vcm5E. 6E + ¢ Cpg - q] (.1)

or I - I )

. (1
Ip2 I3

VSe o
+ P [ 2ve (a M‘) + 2VC « SF ¢+ r4'(H] o 8E 4+ cC oQy = cC « o G ]
[Tpe " 2™ A5F MsE ", T Ta

1?7
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Yaw Equation

llf PVSb(2VC_ . B+ 2VC ., 6A + 2VC_ . GR 4+ BC . p (3.12)
ng Nsa NgR n
+ bC r) P
n ®

r
= I337 = 133(p = qyr) + (I, = I,;) pqy

or I (I, = I.,)
. 13 ,e 2~ 11
S 4 i (p - q r) - . pa
I3, 1 T35 1

VSb
4+ 0 (2vch B+ 2V o« BA + 2V e SR+ bC . p+bC , 1)
HI33 B chaA can np n_

ADDITIONAL AXIS SYSTEM SELECTION

The next step ir. the mathematical model is to choose the necessary
additional axis systems in order to describe the particular flight
performance of a given V/STOL aircraft. In Section II axis systems were
discussed in conjunction with particular V/STOL configurations.

V/STOL AERODYNAMIC COEFFICIENTS

Once a system of axes is selected, additional coefficients may be
specified, These could relate to thrust for jet, propeller of ducted
fan, They could be functions for speed brakes, slats, external stores,
landing gear, drop tanks, bomb bay doors or louvers for control of air
flow, The inclusion of any such coefficients is best illustrated by

the tilt-wing example in Section IV,

V/STOL EQUATIONS OF MOTION

With the equations of the V/STOL aircraft in conventional flight,
axis systems, and a study of the particular V/STOL aerodynamics dis-
cussed up to this point, we are now ready to write the equations of
motion for the V/STOL aircraft, No small angle, or small term simpli-
fications have bheen made in the force or torque equations of the air-
craft in conventional flight, Simplifications may be made during the
dsvelopment of the equations for a particular aircraft,
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SECTION IV

EQUATIONS OF MOTICN FOR V/STOL AIRCRAFT

In this section equations of motion will be develored for five
V/STOL configurations, These configurations~-tiltewing, tilteduct,
tilteprop, fanein-wing and rotating thrust-eincorrorate individually
and collectively the designs of V/STOL aircraft currently being devel-
oped, A particular aircraft, either one that is proposed or a protc-
tyre will be used as an example of each of these configurations, The
first type to be considered is the tilt-wing,

TILT=-WING

The Vought-Hiller-Ryan XC=1lL42A Tri-Service Transport will be used
in the example in the development of tiltewing equations of motion,
The equations from Section TIT will be modified so that they are appli-
cable to an aircraft such as the XC-142A.

In order to obtain some idea of the XC~142A let us consider
Figure 1, Table 2 and Table 3. In Figure 1, a three view arrange-
ment of the XC=1lL42A is shown, Table 2 contains some of the physical
characteristics of the aircraft and Table 3 1s a list of definitions

of symbols contained in the XC-1i42A equations,

With this general idea of the XC=142A, we may now develop the

mathematical model for the XC-1lL2A, First, define, if necessary,
applicable axis systems, Second, develop additional aerodynamic coef=
ficients, Finally, write the equations of motion for the XC-1L2A,
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CHARACTERISTIC

Nermal Gross Weight

VALUE

37,474 pounds

Center of Gravity (aft of the leading edge

of the mean aerodynamic chord {MAC))
Max Forward ' 10% MAC
Max Aft 282 MAC
Wing 2
Total Area 53Le37 ft
Aspect Ratio 8453
Dihedral Angle -2,12°
Airfoil Section NACA 63-318 (Mod)
Trail Edge Flaps - Double slotted
Maximum Deflection 60°
Deflection for take off (STOL) L0°
Deflection for landing (STOL) 60°
Leading Edge Flaps
Deflection 87°
Ailerons - Plain
Maximum Deflection (wing up) + 500
Maximum Deflection (wing down) + 159
Horizontal Stabilizer - All moving 2
Area 163.5 £t
Span 31.1L £t
Aspect Ratio 5.08
Dihedral Angle 0°
Airfoil Section froot) NACA 0015
Airfoil Section (tip) NACA 0012
Maximim Deflection (leading edge up) 60°
Maximum Deflection (leading edge down) 15°
Hinge Line, % of tail mean geometric chord 13%
Vertical Tail 2
Area: Fin to rudder hinge 95 ft 2
Area: Rudder aft of hinge 21,6 ft
Aspect Ratio 1.87
Airfoil Section (root) NACA 0018
Airfoil Section (tip) NACA 0012
Fuselage
Length S0 ft
Length (including tail rotor) 58.12 ft
Outside Height 10,72 £t
Outside Width 9.25.‘,rt
Maximum crossesectional area 90 ft
Propellers
Diameter 15,5 £t
Number of Blades L
Tail Rotor
Diamster 8 £t

Number of BElades
Table 2 .

3

Selected Physical Characteristics XC-142A
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FAVIFALS O 18 U5—a
Dsfinition
Furslace

Wing (
Main propallers n = 1 \2 3, 4 - top view
1aft to right

\

Vortic&l Tail \\
Horisontal Stabiliger

Tail Rotor

Angle of attack - fuselsge

‘\,

Angls of attack - wing

Argle of attack - horizontal stabiliser
Inoidence angle - horisontal stabiliger
Dowrrach angle

Sideslip angla - fusalage

Sideslip mgle - wing

Iraidence armle - wirg

\
©° 5' " \\
Total velocity in aircraft body axss
Total velocity in wind stadbility axes
Mamn asarodynmmic chord
¥ine epan
Tectal araa of wing
Total prea of main propeller dieks
Drmnamic prassira dua to powsr on wing affects

I>na=ic preasere - fron stresn

Dne~in praseira at horizontal stebiliser

Tahla 3, D-finition of "—=%nlm Nrpd in XC2IH2A Pruntions
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Srrdol Dfimition
CT,S Coefficimant of thrust at wing due to inflow velcolty
T Total thrust of main propellers
. e —
I T ~ Advance ratio main propeller
J.m Advanca ratio tail rotor §
L RPN - main propellar
Nen RFY - tail rotor
No Nominal RFM{ - main propaller
B, Blade pitch angle - main propeller
Th ¥ain propsller thrust
N, Main propeller thrust componant normal to Tn
T, Main propsller morent (initislly turning)
|, Main propaller mowent (initially pitching)
Qn Main propeller torque
D Diarewtar main propeller .
Dra Diamater tail rotor (
BTR Blade pitch angle - tail rotor \
Trr Thrust - tail rotor
IE Inertia of main propaller blades a%d shaft
Ry - Anguler velocity rain propaller ' \
. i
Op Angular accaleration main propsller
ITR Inertla of tail rotor blades and ugaft
nTR  _Anmalar wvalocity tail rotor
QTR Anmular mocaleration tall ratcr\

Table 3, Dnfinition cf Srmhala Uand 4n 7721424 Emastiena (Ten'sd,)

Reproduced From 22 N
Best Available Copy |
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AXIS SYSTEMS FUR XC.-142A. 1In order to describe the dynamics and aero-
dynamics of the til%-wing aircraft, one axis system-~the propeller axis
systeme=in addition to the inertial, body, stability and wind axes is
required. The wind axis system is complicated by the tilt of the wing,
Figure 6 shows the wing tilt angle (iw) and the variable distances

(x, ., andz ) that track the aerodynamic center (a.c.) of the wing as
the wing is tilted through the angle iw‘ The aerodynamic center of the

wing as located in the x=2z body axes plane is the origin of the wing
stability axes., The wing stability axis system is parallel to the air-

craft stability axis system and has its origin translated by X e and

Zg o from the aircraft stability axis origin (which is located at air-

craft c.g. nominally) as in Figure 6,

Wind Wing
wing Aerodynamic
O Center (a.c.)
Wind =N
l‘lr ~ -
S
+x 554y axis ’ﬁ\
Aircraft
c.go
+z body axis

Figw.a 6. Wing Stability Axis System

The additional axis system, the propeller axis system, is shown in
Tigure 7, The &xis system is repeated for each main propeiler, so that

there are actually four main propeller axis systems, The propeller axis
system will enable the development of the propeller thrust (Tn) prooeller

torque (Qn) in terms of propeller power, a normal force (Nn) perpeadicu-
lar to T along the propeller blade, and propeller moments (Hn) and (Yn).

Further developmsnt of these propeller forcees and momsnts will be
considered in the discussion of aerodynamic effects,
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cosvn-cooa’cooa.,

ain vn = cos p’ sin a’
cos B,

Momentes M, and Y,
(1) g, =0,4,=0

M, 1s in the x-s plane
Yy 18 in the x-y plane

N, tilted from x-s plane by ¥ B, .
T, tilted from x-y plane by ¥(90-p )
Obtain components of "n and 'n
by multiplying by sin pp and cod fn.
(3) pnto0, 8, ¢0
In addition to (2) M, rotated in x-s plene by ¥ iy.
N, rotated from x-y plane by ¥ i,

Figure 7. Main Propeller Axis System
! n N
2y Revisggvégi{{:y ]?‘561}
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At this point in the discussion we will recall the equations of
:vion of the basic aircraft as discussed in Section III. The internal

~~mrnts (the right side of the moment equations) now include gyroscopic
cffects due to the rotating mass of an engine., The pyroscoric effects
are due to the main engines and the tail rotor, For the main engines
we have the following terms representing gyroscopic effects:

+ (Ig%) cos 1, = q (I 0;) sin i, | /\ for L_ term,
+ p(IEnF) sin i +r(IEﬂE) cos 1 ~ for M_ term,

. k :
- (IEQE) sin iw - ql(IEaE) cos iw { for N, term,

For the tail rotor we have w

+ QIITRQ'I'R o ) for La term,
0 o for Ma term,
e — ) ‘l
- pIanm for Na term,

In these terms p, Q3 and r are respectively the u\'agular velocities around
the x, y and z body axes, The wing tilt angle is 1w' IE and ITR are
respectively, main engine and tail rotor inertias and ﬂE and n,m are
respectively, engine and tail rotor rotational speed.

The equations of motion withcut expansion of the aerodynamic terms
and incorporating the engine gyroscoric and tail rotor terms become:

xa'm(l}*wa-Vr)Ongsine

L //
Ya-m(\'I+Ur-Vp)-ngcosesin¢ '\
\
. \
Za = m(W e+ Vp - Uql) - mg cos O cos O

L

a ™ T19P = I33(F + pay) + (I3 = Ippdayr + (I0p) eos 1, = q)(Ifg)
sin &, * 9 Irpfg

. 2 2
a " T22% = Ip5(r" = p7) # (1y; _ I55)pr ¢ p(Igh) sin 4,

+ r(IFRB) cos iw

=
]

Ny = T35F = I33(p = qyr) & (Iyp = 13)pay = (Tfg) ein 4 - q,(Ig0g)

cos - pI
1' = nm Reproduced From
25 Best Availabje Copy
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The aercdymamic forces and moments-=X_, Y , 7., L, , M, and N, will be

developed for the tilt-wineg aircraft so that a complete set of equations
of mction is rresented,

AEROIYNAMIZ FORCES AND MOMENTS - XC-1lL2A., In the equations of motion
develored for the rasic aircraft in Section III a set of aerodynamic

force and moment terms were developed as a function of specific dimensione
less and aerodynamic coefficients, We will develop aerodynamic force and
moment exrressions based nron the narticular configurations of the XC=1l,2A
tiltewing aircrafds—

In order to develor exvressions for X, Ya’ a§ La’ M and N a? con-

tributions from t1e major airframe components of the XC-thA aircraft will
be considered serarately, The major components to be considered are the
wirg, the main propellers, the vertical tail and rudder, the horizontal
stabilizer, the tail rotor and the fuselapge, After the aerodynamic force
and moment expressions for each of these major components are developed,
they will be summed to get the total aerodynamic force and moment ex-
pressions., These total force and moment expressions can then be visually
checked with the aerodynamic force and moment expressions developed for
the basic aircraf't in Section 111, The expressions in Section III will

be contained in the aerodynamic force and moment expressions developed

for the tilt-wing XC-1L2A,

Before contimuing we will develop the aircraft body axes to inertial
axes ‘yransformation, The matrices are:

N1 .cos ¥ cos 6 cos V¥ 8in 6 sin & cos ¥ sin 6 cos & ) ol
- 8in ¢y cos & + sin ¥ sin 6
N2 - sin ¥ cos 6 sin ¥ sin 6 sin & sin ¥ sin 6 cos &|x | X2
+ cos ¥ cos & - cos ¥ sin &
(
N3 - 3in 6 cos 6 sin & cos P cos & X3

\

In these matrices N1 is north, N2 is east and N3 down for the jnertial
axes, and X1 is x, X2 is y and X3 {s z for the aircrafP body axes,

Vv, 6 and 4 are conventional Euler angles. Their éafinitions in

developing the above matrices are shown in Appendix A, \
The inertial to body axes rates are: \

n e . @ sin 6 + &
& cos 6 sin % + 8 cos ¢ \

o
v cos 6 cos =6 sind

Q *
r =

Reproduced From
Best Available Copy
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A."rtd converesly: o
\

¢ =p ¢+ q, taneain¢+rt&necoaf\

G-qlcoa0~rsin¢

cos & sin &

- +
v r cos 0 % com O

Wa are nox ready to davelscp ihe aarodypamic forces and moments for
each mjaor component of the aircraft., The first to be considered will
be the effect of the main propsllers. It should be noted that the ex-
pressions daveloped are for hovering, transition and conventional flight,

Majn Propeller. There are four rmtually similar systems cf aoms
ueed to desoridbe forcas and momants generated bty the mein propellers
during. hover and low aircraft velocities. An analysis which was daveloped
by Ling-Temoo-Vought (Raference &) for the XC-1L42A is adopted herein for
the description of main propeller forces and moments, The subscript n,
(n =1, 2, 3, k), dsnotes the particular propecllar, Thsy are m»bered
left to right looking from the ton=~-1 and 2 are port propellars; 3 and i
are starboard propellsra, The approach naad to develop the required
propsller equations is to first considar the propeller geomatry, next
states the sarodynamic coafficlents and finally write expressions for
the force and momant contributions »f the main opollera.

1. Main Propeller Ceomatry, From 5‘1 o wind vector
with reaspnact to sach propellur is formed as V = ug 4 n vy

t
For each propellar we m~xy dafins an angle V \'hich is the angle

betwsan the comvonant of the totel aireraft veloci‘!:y (VB) the x-z
plane of the bocv axas and the propellsr axis line, If 1' \0, then

Vo = Ope
Yo u (O *op) |

From geomstric conmidsrations in Figure 7 s mry form the exprension
for # tich 48 the &n:la tatvaan the U, and V \vnloc ties,

v
n -1,V
con *n = ‘T;“ - com BF conm *o RF = ain (g—-)
(w2 . 72) 1/2 cos B min ¥
piny =~ 2T - d ° (4.2)
n v CoOn R '
n n

Repreduced From
Best Available Copy
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In a like manner expressions are formed for Bn which is defined

as the anple betweeir the velocities Vn sin *n and Woe

\ sin 8
cing = n - F
n Vh sin *n sin ¢,
(L.2)
n cos EF sin *o
cos Bn - va ) =
(un + vn) 1,12 sin *n

The welocity expressions U, Vo and L will now be developed. The

origins of each propeller axis are lccated along a line parallel to the
v-body axis at approximately the center of mass of each nacelle, 1In
Figure 7 the origins of the prepeller axis systems are rotated from
Vg cos 8 by angle Wo’ Each propeller axis system origin is located by

Xps Y and L body axis components which are multiplied by the appropriate

body axis angular velocity in order to give tangential velocity components
of u , Vo and Woe

w, - VR cos B, cos Wo - yn(p sin iw + r cos i") +x 9 sin iw

+2.qy cos i, (Le3)

v VB sin BF (Lols)

v, * VB cos B, sin L yn(p cos i - r sin iw) - X q; cos i,

+ z“ql sin i (L.5)

In equations (L.3) and (L.5) the term Y, is a constant. In fact Y1® ¥),
and Yo © y3 since the inboard and the outboard propellers are each the
same distance from the x-z body axis plane. The component X and z

vary as a function of wing tilt,

2. Main Propeller Aercdynamic Coefficients, The aerodynamic
coefficients presented for the main propellers follow those presented by
Reference &. First let us define the advance ratio (Jn) for each main

propeller and the advance ratio normal to the propeller disk (Jﬁ)'

60Vn
Jn ] ﬁ;ﬁ' and Jﬁ - Jn cos wn

(Le6)
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The symbol N_ is the particular propeller RPM, the number 60 changes RPM
to RPS, D is the diameter of the propeller and Fn the blade pitch angle

of the particular propeller, The aerodynamic coefficients are then
developed in terms of advance ratio and blade pitch.

2 2
aC C aC 3 C
T 3 T 2 T T
CT = CT + 5:}—;- Jl!l + ————2- (JY'I) + --a-i Rn + m BnJ;l (14.7)
n o aJ!
R S
CP N CP * ERE JA * —"-g— (JA) * 3B Bn * 3BaJ! BnJg (ko8)
n 0 !
g  2(Cy cot ¥)
CNnn ﬁ [ QJ' ] Bansin \‘Vn (hog)
o ) a(C_ cot ) 3 a(Cy cot)
Yo 55 [__42537____] B J, sin v, + == Sy J3J, sin ¥ (L.10)
2 aCM '
Cy_ = 557 [57-) Yuln (L.11)
n n
cT is the coefficient of thrust (Tn), Cp is the coefficient of power
n n
used to express torque (Qn), CN is the coefficient of normal thrust
n

(Nn)--the thrust component perpendicular to Tn. qy and CM are the
n

n
lateral and longitudinal hub moment coefficients that appear during wing
tilt,

3. Main Propeller Force and Moment Expressions., Before ex-
pressing the force and moment contribution in body axes due to the
propellers, the individual propeller forces and moments developed in
propeller axes are stated in terms of equations (L.7), (L.8), (L.9),

(L4.10) and (L.11),

N 2
T o (D) (&) ¢ (L.12
n N, b Th )
N 2
N = o ) Doy (1.13)
Y =p (N“)2 (2) ¢ L1l
n r ;- Y ( . )
(o) o n
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Moo= () (£ ©, (1i.15)
. o i
O 0 n
o Jn 2 o )
n E 2—; \ﬁ—) (5—-) P (l.lb)
e} 0 n

Tn cquations (Le.12) through (L.16) N, is the maximum RFM of the prcpellers
and o is the air density at sea level on a standard day. These equations

then enable us to write the propeller force and moment contributions in
aircraft body axes., Observe ihai each equation is subscripted by n so
that each propeiler individually influences the forces and mcments,

i

(Axa)p =0 (Tn cos 1w - N cos Bn sin iw) (Le17)
L

(AYa)p = 5y (<N sin 8) (L.18)
L

(Aza)p = 5 (-Tn sin i - N cos B cos iw) (L.19)

(81g) = = 1025), = (02,0, 1y =[(82,) - (a2,) 13

1 3
. ~[(AYa)p1 + (AYa)ph] 2y -[Aya)p2 + (AYa)pB] 2,
L L
- o (Yn cos 8n) sin iw' n£1 (Mn sin Bn) sin iw (L420)
L L
(&), = Mervor o1 Tpleos 10) 2pryor + pdy Tp(sin 30) Xpryar

- (% cos B sin 1+ Nh cos Bh sin iw) z,
- (M2 cos 8, sin i « N3 cos 83 sin iw) z,

+ (%, cos 81 cos 1 « Nh cos Bh cos iw) Xy

-

+ (N2 cos 82 cos i+ N3 cos 83 cos iw) X,

li L

- 5 (Y sin 8) + I (M cos en) (Le21)

30
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Wwh \ = 1,625(T, + T,) + 1,092(T, + T.)
T ot 1k 2 3
(ANa)p = - [(AXa)pl- (Axa)ph 1yq - [(AXa)pz- (AXa)p3] Yo
ey v (B0, 1 xy e (W) e (B, Tx (22)
N N

- kL (Yn cos Bn) cos i - nzl(Mn sin Bn) cos iw

In equations (L.17) through (L.22) the letter p denotes the effects of
the main propellers and p subscripted P where n = 1, 2, 3, L is a

particular propeller, For example, in (ALa)p the term (AZa)p1 equals
(-Tl sin iw - N1 cos 81 cos iw)‘ In order to better appreciate these

equations let us consider the aircraft in normal forward flight where
the propeller wind vector is parallel to the x-z plane (8n = 0) and

there is no tilt of the wing (iw = 0)., The equations (L,17) through
(L.22) then becgne:

(ax)p = L T, (L.23)
(aY_)p = © (Le2k)
L
(az)p = L =N (L.25)
(8L )p = = (=Ny + N} yy = (=Ny + Ny) ¥, (L.26)
N
(ad,)p = S L Ta Zpmvor (4.27)
(N, + N ) (N, + Ng) If M
+ + +
1 2 *N3Xe o tn
L
(ANa)P - '(Tl - Th)Yl - (T2 - T3)}'2 - nal Yn (hoze)

Equation (4.23) is the total thrust and (4.25) is the total normal force
due to the propellers. Equation (L4.26) is the rolling moment contribution

which will be zero if outboard gn-l and L) and inboerd (n=2 and 3) normal
propeller forces are balanced; (L.27) is the pitching moment contributiocn;

and (L,28) is the turning moment contribution which will be negligible if

31
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the outboard (n=1 and L) and inboard (n=2 and 3) thrusts are balanced
and tYn = 0, The incremental propeller forces and moments equations
(1.17) through (L.22) will be included in the total aerodynamic forces
and moments,

Wing. The calculation of wing aerodynamics forces and moments is
complicated by the wing tilt during vertical and transition flight,
These forces and moments are developed in wing stability axes by first
considering the wing geometry and then defining wing aerodynamic coef-
ficients in accord with Reference 6,

l. Wing Geometry. In wing stability axes there occurs an

induced velocity (AV) due to the propeller wash across the wing, This
gives the effect of increased 1lift. In order to describe the effect,

a coefficient of thrust of the wing (CT S) is defined as a function to
total aircraft velocity (VB)' ’

T
Cr,s = s, (Li+29)

where Sp is tne total disk area of the four propellers and q, is
the wing dynamic pressure,

qQ, * (q + slp), where q = 1/2 ovg

At low forward speed during transition and in hover the effect of
Cr.s is at a maximum, The particular function of CT s is dependent
I »

upon wing tilt and wing flap angle which should be determined from
manufacturer'!s data,

From the geometry in Figure £ the u, component of wing velocity
is up"+ AV. The velocity up is the average of the u, velocities

developed in propeller axes and is the predominant velocity effect in
wing axes. u, is then the velocity of the aircraft (VB cos BF) and as

such defines the body axes velocities J and W, Any V in body axes is
equal to v, since we are concerned with wing stability axes and u, is

contained in the x-z body axes and x~z wing axes planes, The total
velonity in wing axes (Vw) is as follows:

2 2 2,12 )
v, - (wp *+ (ug + V)~ + v) » where v =V (L.30)

From Figure 8, w, = w, = « U sin i+ Wcos 1 (k.31)

andu = Ucosi + Wsini
P w W
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Figure 8, Wing Axes
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From the foregoing the wing anrle of attack (aw), and the wing sideslip
argle (Sw) can be stated a=:

-1 D ,
(Iw = tan (m), ()-1032)
with the sign of e, as positive down from plus e
-1 v
BH = tan 5 2__ ()-1033)
\ + AV W
/?“p LAV e Wy
1

The expression for induced velocity (AV) is derived from momentum theory.
AV is similar to the mean inflow velocity (wi ) developed for helicopter

inflow ana].ysis.2 mean

2 2T | 1/2

AV e - Up + (up + -Bg-) (’Jo3)-l)
p

Rearranging we have:

o2, 2T, 1/2
(up + AV) (up + -3§—)
P
but Vv, = u, + &V (L.35)

and up - VB’ so that

substituting for (up + AV) and U and mltiplying by ;_we have:

2 2 T
1/2 OV" = 1/2 DVB + 3;.

q=1/2 DV% where q is the dynamic rressure
but q = 1/2 oV2
9, w
so that we have:

q, = (q + %;) 4.36)

I, For example, see Airplane Aerodynamics, Relerence 5,
2, NAVTRATEVCEN 1205-1, Section 3,

34
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In this manner Q, develops naturally from the momentum theorv definition

of AV, The wing dynamic pressure is the pressure used in equation (4,29°
for CT ge Consequently, we have now related the coefficient CT s with
9

the induced velocity, AV, through the wing dynamic pressure, q,- We are
now ready to develop the wing aerodynamic coefficients,

2, Wing Aerodynamic Coefficients, In order to develop the
wing forces and moments five aerodynamic coefficients will be defined

as in Reference 6, Since the development is in wing axes, rolling (p)
and turning (r) rates necessary to define these coefficients are trans-

formed from body axes, The pitching rate (ql) is the same in wing axes
since gy lies in the x-z plane and the X~ %y plane, The transformation

of the angular rates (p and r) is accomplished by a rotation, &. From
"ipure 8 £is equal to (iw - aw). We can then write for the wing rolling

rate (p,) and the wing turning rate (rw) the following equations,
p, " P cos g-r sing (L4.37)

r, = P sin £+ r cosg (L,38)

The aerodynamic coefficients for the wing are Cp, C;, (Clw)’ (me) and
(cn ). They are defined as follows in accordance with their development
w

in Reference 6,

, 20y ach »
CD'CDO’KCL*FEF'GF';:?F_JF (L.39)

The strong flap dependence (62F) in the CD expression above, is due to
the importance of flap during transition,

3Cy
a
F
C, =C, +¢C . 6F + C . a_ + « 6F . a (L4.LO)
L™, " L LaF W 3&F W
(Cy) =C o g +C, o6AepC .p +z—~C, .r (L.L1)
w L 6A w lp v b v
ac
(C,)=Cp * w;‘.at‘nﬂ‘l- Cp  + % (h.42)
My o w qy
. BA + 2 > ¢ (Lo43)

(C"u)'c" B * O v Cn PtV n. " v
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3. Wing Force and Moment Expressions, Before writing the force

and moment expressions for the wing, equations (L,39) through (L.43) will
be transformed to the aircraft body axes through the argle § .

The body axes wing coefficients are then:

(Cx)w *= - Cpcos £-Cp sin ¢ (L.Lk)
(cz)u = Cpsin £ Cp cos & (L.LS)
(C")w - (C,") cos E + (an) sin ¢ (L.L6)
(c) = (C.) -2 (c) +23¢ () o
m w m, c x w c z w A7)
(cn) - - (7, ) sin £ + (Cn ) cos ¢ (L.L8)
w w w

Xae and LI are the respective distances from the c.g. of the aircraft

in body axes to the aerodynamic center (ac) of the wing in the x-z plane,
¢ is the mean aerodynamic chord,

The wing force and moment contributions to the total force and
moment equations, (L.LL) through (L.LB) can be expressed as forces
and moments. For example, if we have a coefficient Cx’ a force, X a’
is immediately defined as C_ Sq, * S is the wing area of the aircraft

and q the dynamic pressure. 1..e coefficients in equations (L.lLl)
through (L.48) are immediately expressible in terms of their respective
force and moment contributions,

(&) = (C) S[£(c; o) q,) (4.L9)
V] w ’

(12,) = (C,) S[£(Cp o) q) (14.50)
w w ’

(aL,) = (C,) bS [£(Cp o) ] (Lu51)
w w ’

taMg) = (C)) cS[f£(Cq o) q] (L.52)
w w 4

(aN,) = (C_) bS[C. o) q] (153
w w ’

3, Use of coelTiclents to express Tcrces and moments can be reviewed
in References 2 and 7.
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Equations (Li,49) through (L.53) are the wing force and moment contri-
butions, [f(CT S) qw] is the dynamic pressure term incorporating the
]

effects of having thrust produced by the propellers and having wash acioss v
the winpg., tonsider what happens if the aircraft is flyvins and the engines .

are turned off (T = 0), Then q, = 4 from equation (L,36) and f(“T S):: 1
y
from data available in Reference 6, Thus [f(CT s) q"]:z q with the engines
’

off and equations (L.49) through (L.53) are wing force and moment equa- -
tions that would be expected to occur in a jet aircraft, .

Vertical Stabilizer and Rudder. Forces and moments for vertical

tail (vt) and rudder arise from the relative wind pushing against the
vertical tail surfaces thereby causing a turning moment due to control
input to the rmdder. This gives side force, as well as rolling and

turning moments,

Wind pushing against the vertical tail and rudder yields a side
force (Ya)vt and rolling moment (ALa)vt respectively which are non-

dimensionalized ln terms of aerodynamic coefficients as Cy and C;, The

rolling moment is coupled in rolling velocity p and turning velocity r.
We can then write for C, and C; the expressions, (445L) and (L.55).

cy = CyeF . Bp + Cysn' SR . (LeSk)

Cy is the change in side force coefficient with changing sideslip angle,
8
It acts as a damping term, Cy is the change in side force coefficient

6
with rudder deflection and reprgsents the controllable term in the ex-
pression, This is important in the use of automatic stabilization
systems for aircraft,

b
c =C o + C « OR + (c, .p+C_ .r] {L.55)
[} EBF BF Lgr §VB lp lr

¢, 1s the change in rolling moment with variation in sideslip angle.,

ig

Tt is caused by the position of the vertical tail normally above the
X axis and other factors as wing sweepback and dihedral. C, 1s the

6R
change in rolling moment coefficient due to rudder deflection. C, 1is
p
the roll damping derivative. Ci is the change in rolling moment co-

r
efficient with change in yawing velocity.

Rudder deflection will give a turning moment (ANa)vt which can be
expressed by the aerodynamic coefficient Cn’ and the expression for Cn

is:
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b
c. =" . B ¢ C ‘SR)-——-rC .p*C or] (11056)
F Vg g n,

f, ~1s the weathercock or static directional derivative. Ch is rudder
B 6H
effectiveness, the change in yawing moment coefficient with rudder
deflection, Cn is the change in yvawing moment coefficient with varying

P
rol:ine velocity. Cn is the yaw damping derivative, The tail is the
r
main contribution to Cn .
r

The forces aind moments for the vertical tail can then be expressed
in the followine equations:

(AY 0 = %y Sq(%) (Le57)
(Alglys = ¢ @ ?%5-) h.58)
(8Ny )yt = Cp bSq(-q%t—) (4e59)

Here q is the free stream dynamic pressure and 9y is the vertical tail

dynamic pressure. This force and these moments will o: included in the
tctal aerodynamic forces and moments,

Horizontal Stabilizer. The equations for forces and moments for
the horizontal stabilizer (hs) will be developed in the standard manner,

We defire at = aF + it - €

Here ay is the angle of attack of the tail, ap is the angle of attack of
the fuselage, it is the angle of incidence of the tail and ¢ is the down

wash anrle,
In accord with Reference 6 we have

€ w (b - .0h21 (4, ¢ ap)] [(C) £(5p g)) ¢ i, =a, +ap
W ’

for the XC-1L2A.

The 1ift (cI ) and (CD ) coefficients of the tail can then be ex-
' t

t
pressed in the following relations




MAVTRATETEN 1205-2

r = ¢« Q
Lt Iﬂt t
th ) ch PR r YA
t

The horizontal stabilizer (hs) can contribute forces in the x and 2
directions, and a pitching moment, The equations are as follows:

. . . qhs
(Axa)hS £ - [Vrt ces (1t - at)+ CLt sin (1t - at)] Sq(-a-J (L.50)

~

q
: . . . hs )
o S - n - a5
(A“a)hs f Pt sin (1t at) + Lt cos (lt at)] Sq( 3 (Lo61)

(M Jps = = (BX )pg o hpo + (A7) 0 1

2 .
. Q1VB + Cm. » W] (h062)
a .

Ys is distance from aircraft c.g. to the aerodynamic center (a.c,)
of the horizontal stabilizer and hhs is the height of a.,c., above the c.g,
Roth 1,4 and hhs are measured in the x~z plane of the aircraft body axes,

S is the wing area, p is the air density, ¢ is the mean aerodynamic chord
and the angle (it - at) is used to transform CL and CD to body axes,
t t

Cm is the pitch d¢ ing derivative-~the change in pitching

Q
moment coefficient as pitch velocity is changed, Cm- is due to the
a

fact that when the wing undergoes a change in angle of attack, there is
a time lag before the change in downwash is felt at the tail surfaces,

(Axa)hs, (Aza)hs and (AMa)hs will be included in the total aero-

dynamic forces and moments,

Tail Rotor. The z force (Aza)TR and the pitching moment (AMa)TR

developed at the tail will be obtained by finding a tail rotor (TR)
advance racio (JTR)‘ From Joo the tail rot » thrust coefficient (CT )
TR

and tail rctor power coerficient (Cp ) will be found. In turn, the
TR

tail rotor thrust (TTR) and torque (QTR) is obtained and consequently
L) \ 3 - -~
(A“a)TR and (AMa’TR' Tyg 15 positive in the -z direction.

39
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. . - 2 2,1/
We define the total tail rotor velocity (VTR) as VTP [(“TP) + (W)

£ .
Here UTR and wTR are defined as:

TP

Upp = ¥V, sin (V)
TR 3 °" 1R

wrp * Vnocos (Vo) = opdy

lop is the distance from the center of the tail rotor hub to the aircraft

~.¢. and (Wo) locates the tail rotor with respect to the aircraft body
TR
axes.,

0
(\l/) .90 +(QF"'E)
° TR
I'ere € is again the downwash angle and is defined as for the horizontal
stabilizer,

The advance ratio for the tail rotor is

60 Vg 60( =W, )
J = or J%R = where NTR is

TR Nep Dpg Ner Drr

the RPM and DTR the diameter of the tail rotor,

We now define (CT' ) and (C_ ) as is done in Reference 6.
TR TR

a
(B.m) ! (J2

c. =C + IR
Tt Trr afy !

320

Cpm - ;Bg: (Bm)2

llere Bpp is the collective pitch of the tail rotor blades and CTTR(BTR)

is developed from a curve of Cp plotted versus BTR’
TR

The thrust (TTR) and torque (QTR) of the tail rotor is then written

2

[#R (-';L) (m CT’!’R (L.63)

New 2
Qg = Dgn (=) '
P VolK Prx
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Consequently the force and moment terms can be written directly.

(Aza)TR = Top (L.65)
(m) = Trpleg (L. 66)
(Ana)m = Qp (L.67)

Fuselage. In 2 very direct manner we can write the effects of the
fuselage (F) on the total aerodynamic forces and moments.

We have for the forces

1 2
(Axa) =- 5 oV SCy (L.68)
F 0
CD is the equilibrium drag coefficient.
(o]
(ay.) =+ % oVl sC 8 (4+69)
2 2 B Y. ° F ¢
B

Cy is the change in side force with respect to a changing sideslip angle.
1 \
(az,) = -5 ovgscL

. ag (L4.70)
F e

C, 1is the change in 1ift coefficient with varying angle of attack.

“a
F
This is also known as the 1lift curve slope.

We have for the moments:

(ALa)F =0

ST

2 1 2
(AMa) - DVBSch 42-DVBSch . ap
F o GF

Cm is the aerodynamic pitching moment coefficient in equilibrium flight
o

and C is the longitudinal static stability derivative,

m
Op

(AN‘) L4 %- ng Sb Cna. BF (ho?l)
F F

Ll
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L is the static directional or "weathercock" derivative,
. 1 2 .
In the above expressions q = 50 VB which is the dynamic pressure,

b is the wing span, ¢ is the mean aerodynamic chord and S is the wing
area,

Jor hovering and in transition regions BF is assumed small so that

cos BF = 1,

EJUATIONS OF MOTION - XC-1L42A, The aerodynamic force and moment terms

develored for each of the major aircraft components will be combined
and finally expressed in the equations of motion for the total aircraft.

To'al Aerodynamic Forces and Moments., The total aerodynamic forces
and mcements are as follows:

g = (8K ) v (8K )+ (8% )y g + (8X,)

Ya B (Aya)r * (Ya)vt * (AYa)F

Zy = (82) + (8200 + (82,)pg (82,)qn * (82,);
L, - (ALa)p + (ALa)w + (ALa)vt

Mg = (M)« (AM)), « (8M )pg + (MM )pp ¢ (M )g
N, = (ANa)p + (ANa)w + (‘ma)vt + (.'ma)TR + (ANa)F

Equations of Motion Expanded. The forces and moments are pre-
sented in body axes. These equations are subject to simplification in
representation of aerodynamic propeller forces and moments, when flirht
test data are available from which to :etermine typical magnitudes of

terms,

l. X Force Equation

N
(CXEKCT’S)% + n121('I’ncos i, - N, cos g sin 1w)

q
“lep cos (i, =) + 2 sin (3, = a,)] Sq(% - S C

t t L

o]

= q(ll + wa - r 4+ mp sin @
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2. Y Force Equation.

b U,
nfl (=N sing_ ) + Cp bSq (—q--») + Sq Cysp «fp

=m(V + Ur =« Wp) - mg cos 6 sin &

3 Z Force Equation,
]

o4
CzléfCT,s)qw + n51(--'1‘n sin iw - Nn cos Bn cos iw)

q
. g ho ~
+[CD sm(1t - at) + Cp cos (it - at)] Sq(—) + Trg - £q3; . ap

t t Q aF
= m(W + Vp = Uql) - mg cos 6 cos &
e Roll Equation,
(Cl‘lef(CT,S)qw
+[(+T1 sin iw + Nl cos 81 cos iw) - (+Th sin iw + Nh cos Bh
cos iw)] Yy
+[(+Tp sin i + N, cos B, cos i) - (+T3 sin i  + Ny cos 83
cos jv)] Yo
+ (+N; sin 8, + Nh ain Bb)zl + (+N2 sin B, + N3 sin 83) Z,
L L Uy,
- I (ln cos Bn) sini - I (Hn sin Bn) sin i' +C, b Sq(-an)

n=l n=1

1115 + 113(;' + pql) + (133 - 122) q]r + (szb) cos ;w

q) (Tghg) sin i + q) Inpflep
5. Pitch Equation.
(cm):Sf(cT’s)q,

L L
+ Mo + T (cos i ) ¢ +
prvor I P wh Tpivot T LT, {sin 1) Xpipor

13
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(Nl cos 81 sin i' + Nh cos 8h sin iw) 2,
(H2 cos B, sin i+ N3 cos 83 sin iw) z,

(N, cos B cos i, * N, cos B), cos iw) Xy

n
g (Y sin 8 )

(N, cos B, cos i + N3 cos 63 cos iv) Xy = 5

L
+ nfl (Mn cos Bn)

qhs
C - ’ - —ema ) ¢
[ D, cos (it at) + (‘Lt sin (it at)] sq( q )

. [th sin (1, - a,) - CLt cos (i,

2 .
c“So [Cm e GV +Co. o W] + Top* 1o * qsc(cm +C
ql a [¢]
1,,q + I (r2 - 2) ¢ (I,, = I..)pr
22 13 P 11 - “33°P
+ p(Igfg) sin i, « r(Ighy) cos i
Yaw Equation,
Cnl?sr(cT,S)qu
- [(Tlcoa i, = Ny cos By sin iw) - (Th cos 1 = Nh cos Bhsin i,w]y1
- [('I‘2 cos i - N, cos B, sin iw) - (T3 cos § - N3 cos 83sin 1w]y2
(+Nl sin 81 + Nh sin Bh)xl - €+N2 sin B, + N3 sin 33)x2
N

L
1 (Y cos 8 )cosi - I (M sin 8,) cos i
n=l nel R

. SF + QTR

F
1331' + 113(P - qlrl + (122 - Iu)qu

+C bSq(EE; +qSbC,

8

- (1g) oin 4, = )(Tgg) cos 3, = Plyyiry

No simplifications have been made on the right side of these six
equations. External stores, rough air, or landing gear conditions have

not been developed in these eguations,
Lk




NAVTRAIEVCEN 12052

TILT-DCT

The VZ-i4DA VIOL aircraft of DOAK Aircraft will be used in the ex~
aml+ of similation equations of motion for a tilteduct aircraft, Much
of the development which follows has been based upon information gleaned
from References 1 and 8, Soule and Baumgarten in Reference 8 present a
method for calculating the aerodynamic forces and moments for the VZ-LDA
and Preul in Reference 1 presents a study of handling qualities for a
tilt-duct aircraft. From this information and the presentation set
forth for the tilt-wing example, a well-defined set of engineering simla-
tion equaticns for the tilte-duct will be presented realizing that an
actual simulation will be dependent upon the type and usefulness of the
aerodynamic data available from the manufacturer of the aircraft,

In order that we may have some idea of the specific details of the
VA-4DA, Figure 2 is a three-view drawing of the VZ-LDA, Table L is a
selected 1list of physical characteristics of the aircraft and Table 5
is a 1ist of symbols used .in developing the equations of motion. As
much as possible, repetition of symbols will be used in the various
examples of V/STOL aircraft in this section of the report.

From this general idea of the VZ-4TA, we may now develop the mathe-
matical model for the VZ-4DA, First, define, if necessary, applicable
axis systems, Second, develop the aerodynamic coefficients, Finally,
vrite the equations of motion for the VZ-4DA, As needed we will borrow
from the results obtained in the tilt-wing equations of motion and from
the results obtained in References 1 and 8,

AXIS SYSTEMS FOR THE VZ-LDA, In order to describe the dynamics and aero-
dynamics of the tilteduct aircraft, one axis system, the duct-axis systvem,
in addition to the inertial, body, stability and wind axes is required.
The wind axis system is complicated by the tilt of the ducts. Both of

the ducts tilt through the same angle similtansously. Figure 9 shows the
wing tilt angle (i,) and the duct incidence angle (iD). Duct incidence

is described in the aircraft stability axes, The force and moment coef=-
ficients for the ducted fans are described in the duct axis system. There
are two duct-axis systems--one located at each duct. This is similar to
the repested propeller axis systems developed for the XC-142A, We define
the duct axis system by the following three mutually orthogonal velocity
vectors, First, there is & side duct velocity (Vs) parallel to the y

body axis and in a minus y direction., Second, there is an axial velocity
(VA) into the center of the duct, Finally, there is a normal velocity

(V) parallel to the x-z plane of the aircraft body axis system and
perpendicular to Vs and V,, If there is no duct incidence, the duct-axis

systems as shown in Figure 10 are similar to the x, y, z body axes, The
duct-axes (xp s Yo *m and X Ypp» zm) are right-handed systems with

y parallel to yp and yyp and x in the same direction as x,; and x,, and
z in tne same direction as le and 'UE when 1' is zero,

LS
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Airplane:
et mlbeererr——
Over-all length
Over-all span (including ducts)

Over-all height

Prorulsive Device:

Fan

~Mype . fixed pitch
Number of blades 8
Diameter L ft.
Blade root chord 0,312 ft.
Blade tir chord 0,184 ft.
Solidity 0.117
Blade angle (.75R) 0.306 radians
Hub to tip diameter ratio 0,333
Fan location, position of hub from duct lip 0.806 ft.

Duct

Centerbody
ﬁiame%er (maximum) 1,333 ft.

Over-all length 5.79 ft.

Trim Vane 2
~Xrea 5.66 ft.,
Span 4,525 ft.
Airfoil section NACA 0009
Flap chord, 25 percent 0.313 ft
Movement 0.3L9 radians

Inlet Guide Vanes
Number of vanes 1L
Area (per vane) 0.333 ft,
Span 1.333 ft.
Chord (constant) 0.25 ft,
Airfoil section NACA 652 - 015
Vane location, positior of C/L frem duct lip O ft.
Movement + J17L5 radians

Wing Groug:
2

Wi
Erea (excluding ducts) 96.0 ft.
Span (excluding ducts) 16,0 ft,
Mean zerodynamic chord 6,08 ft,

Aspect ratio 2,67
Airfoil section NACA 2418 (mod.)

Dihedral 0 radians

Table L, S¢ - o t ‘naracteristics - V.-.I#
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Aileron
Area (per aileron)
Span
Movement

Empenage Group:

Horizontai Tail
Area (projected)
Span (projected)
Mean aerodynamic chord
Aspect ratio
Airfoil section
Incidence
Dihedral
Elevator movement
(stabilizer incidence, O radians)

(stabilizer incidence, +1.7i5 radians)

Vertical Tail
Area
Span
Mean aerodynamic chord

Aspect ratio

Airfoil section

Fuselgge:

Length (excluding reaction control vanes)

Maximum height (approx.)
Maximum width

Reaction Control Vanes

Area (within 15 inch tail pipe diameter)

Span (within 15 inch tail pipe diameter)
Aspect ratio (effective)

Airfoil section
Movenment

variable, 0 to + 0,1745

0.17L5 radians

+0,472 radians (T.E. down)
-0.,L472 radians (T,.E. up)
+0,297 radians (T.E, down)
0,576 radians (T.E. up)

13.9 ft.2

C.2 ft,

2.8 ft,
1.95 (geometric);
3,02 (effective;
NACA 0012 (Mod,

29,3 ft,
)4.12 ft.
3.0 ft,

1.0L2 £t.°

1,25 ft.

1,32

NACA 0009

+ 0,612 radians

Table L, Selected Aircraft Characteristics - VZ-LDA (Cont'd,)

L7




i},{""

vT

NAVTRAIEVCEN 1205-2

DEFINITION

Aspect ratio
Thrust coefficient (for velocity = vD)

Thrust coefficient (for velocity = VD)

lormal force coefficient = normal force/on2Db
Side force coefficient = side force/onzﬂb
Pitching moment coefficient = Pitching Moment/on?DS
Total rolling moment coefficient for ducted~fan
Total pitching moment coefficient for ducted-fan
Total yawing moment coefficient for ducted-fan
Lift Coefficient

Drag Coefficient

Duct chord

Wing chord

Fan diameter

Gravitational acceleration

Ducted fan incidence anple

Ying incidence angle

lorizontal tail incidence angle

Vertical tail in~2der e angle

Axial advance ratic (V,/T’

Mass flow rate (slugs/sec.)

Fan speed (R.P,S.)

Roll rate about X-Axis (Rad,/Sec.)

Roll rate about v (%ad,/Sec.,)

Dict span

23

i L i ivion of Symbols - V.- 1A
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DEFINITION
Wing span
Pitch rate about Y-Axis (Rad./Sec,)
Yaw rate about 7-Axis (Rad./Sec.)

Area - Wing

Residual Thrust

Axial velocity into duct

Side velocity at cduct entrance parallel to X-Z plane
Side velocity at duct entrance parallel to Y-Axis
Jet exhaust velocity (see Appendix G)

Moment arm from center of gravity along X-Axis
Moment arm from center of gravity along Y-Axis
Moment arm from center of gravity along Z-Axis
Angle of attack

Arc tan (VR-/VA-)

Sideslinr angle

Arc tan (VS-/VA-)

Angular displacement

Downwash (+) or upwash (-)

Mass density of air

Mass density of jet efflux

Sidewash angle

Duct (Subscript)

Table 5. Definition of Symbols (Cont'd.)

L9
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TEFINITION
Elevator
Fan, fuel or fuselage
Horizontal tail
Interference
Inlet vanes
Tenotes port (j = 1) or starboard (J = 2)
Mean geometric chord
Centerbody nose, nose or normal
Zero 1ift
Radial or rudder
Reaction control
Test or thrust
Trim vane
Horizontal vane
Vertical tail
Vertical vane

Wing

Table 5., Definition of Symbols (Cont'd.)

<0
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Ducted Fan
60 S
, RN Wing c Ls

h ontro urface
(I;.i;l):d : J (Aileron and

\ i - R g Flap)

x=-Bod _ﬂxi—s’s_—"hmrm- R K To- o - - -3 < T
i‘D = iw + 6D
iw = wing incidence angle

6. = change in duct angle

W

duct incidence angle

Figre 9. Duct Tilt Axis
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Axial velocity into duct
parallel to x-z plane

raraiiel tn y-axis

7

Vi

v
!

v

1. = tan
QD A

vV
by = tan-l(vi)

X, ¥, z are body axes,

Figure 10, Duct Fan Axis
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Before developing the aerodymamic fources and moments it should
be noted that the VA-LDA has gyroscopic effects due to the rotating
masses in the duct fan., In the following expressions iw is the fixed

wing incidence angle and 6D is the variable duct angle., For the ducted

fans we have:

+ (IE‘%) cos(iw + 6D) - ql(IEﬂE) sin‘(iw + SD) for La ternm,

+ p(IEﬂE) sin(iw + BD) + r(IEﬂE) 08 (iw + BD) for Ma term,
L)

- (IEQE) sin(iw + BD) - ql(IEQE) cos (iw + SD) for Na term,

These expressions will be added to the internal moments in the final
equations fer the VZ-LDA, Next the forces and moments-- X , Y , Z_,
L,» M3, and N, will be developed for the tilt-duct so that a complete
set of equations of motion can be written,

AERODYNAMIC FORCES AND MOMENTS VZ-LIA., In order to develop expressions
for the aerodynamic external forces and moments, contributions from

the majcr airframe components will be considered separately. The major
components to be considered are the wing, the ducted fans, the vertical
stabilizer and rudder, the horizontal stabilizer and elevator, the
fuselage and the reaction controls., As with the XC-142A after the aero-
dynanic force and moment expressions are developed for each of these
major comronents, thcy will be summed to get the total aerodynamic

force anu moment expressions,

Wing. The calculation of wing aerodynamic forces and m-ments is
relatively straightforward, In Reference 8 a definition of the wing
aerodynamic coefficients is developed. These coefficients contain
interference and damping effects. The aercdynamic coefficients for
the wing in accordance with Reference 8 are as follows:

) e (c.) + 2D 2 (La72)
(Cply now*‘g'é‘g L % o7
Gy = (&) (@) g, (L.73)

w
. . b . b
(Cy)" (Cys)w o% (Cyp)w é‘{,: . pw (cyr)' Tv'; . rH (ho?h)

b b
(Coy ® (C,B) R (C'b) e Pyt o (Cp ) rye S, O (Le75)

w w rw
C acm
(Cm)' - (Cmo) + E‘v— (Cm ) ) ql + ;g; . 6F (ho76)
w w q1
W




NAVTRATEVCEN 1205-2

b

= (C_ ) 4 p. + zom . 6A (L,77)
v, nS ) P T A Nga

) .8, *

In Fipure 8 we see how a, is defined. For purposes of clarity the
wing incidence angle, iw' has been exaggerated, AV is the induced

velecity previously defined in equation (L.3L) which is derived from wash
effects across the wing., In Figure 8, we see that:
2 2 2

2
v, " (uw + AV)T Vet W, .

So that:
tan-l( -1 'H'
, * v " sin T 205 & (L.78)
w w

\{ s &,

v

Bw = t,an-l [J#?] (4.79)
(u, + Av)" + W, |

Ui
In equation’ (4.78) and (L,79) v, = V and at low velocities where V0,

then Vw - VR'

In order to transform wing data to body axis we rotate through an
angle where ¢ = (i, - a ).

Before writing force and moment expressions for the wing, equations
(L.72) through (L.77) are transformed to body axes by rotating through
the angle ¢ as in the similar analysis for the XC-142A (Section IV),

(Cy)

ow " (CL)w sin & - (”D)u cos & (L.8C)

= - (C cos £ - (C sin € (L.81)

L)w D)w

~ 'a.c.
= (cz)w cos ¢ - (Cn)w sin £ - (by)w (-—E—-) (L.82)

(), + BaCe (g ) . [8ss (o) L.8
m'w c x'w ™ " ¢ 2'w (L.83)

(c.)

X
nly €08 €+ (cp) sin €+ (C ) (2220 (4.8L)

(+]

Xa.0 and 2, ., are the respective distances from the c.g. of the air-

craft in aircraft body axes to the asrodynamic center (a.c.) of the wing
in the x-z plane, c¢ 1s the mean aerodynamic chord.

As in the tilt-wing example, (Section IV) Equations (L4.80) through
(L.BL) are readily expresssd as force and moment contributions of the wing,

Sk




NAVTRADEVCEN 1205=2

@x,), = (c.), S q, (L4 .85)
@), = (C,), S q, (L4.86)
@z,), = (¢,), S q, (L.87)
(aL ) = (C ), b Sq, (4,88)
(amM), = (¢ ).c S q, (L+89)
(an)), = (c), b Saq, (L.90)

In equations (L.85) through (4.90) S is the wing area, c is the
mean aerodynanmic chordé b is the wing span and q is the wing dynamic

pressure (qw = 3/2 oV w)‘ These equations will be incorporated in the

total force and moment equations,

Ducted Fan., In the calculation of ducted fan aerodynamic
forces and moments wake, interference and damping are included in the
definition of the aerodynamic coefficients, Six coefficients Cop » Cy

J J

, and C are defined in Reference 8 to describe the

S ’ n} iﬂ

behavior of the ducted fan, These coefficients are as follows:
(4491)

1s the total thrust coefficient. ET is the change in thrust due
J T
- J
to varying thrust, CT is the change in thrust, due to varying inter-
I

ference effects and AET is the change in thrust due to the inlet

IVJ

vanes to the duct. Jj=1 for the port duct and j=2 for the starboard
duct,

Cr

(L.92)

is the total normal force coefficient. EN results from fan
3 F
J

Cy
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effects, éN results from duct effects, éN comes from interference
D I

J J
effects, EN is the change in normal force due to varying normal force,
N
J
EN is the change in normal force due to the inlet vanes, and finally
Iv
J
EN is the change in normal force due to the trim vanes,
v
J
Ce =Cq +Cq +Cq +C (4493)
S S ) S SI
F b h v
/ T I 3
ES is the side force coefficient. 6 results from fan effects,
3 °r,
Cs results from duct effects, Cg 1s the change in side force due to
D N
J - J
varying normal force and Cs is the change in side force due to inlet
v
J
vANnes,
Gy " Tw, the t Ty G+ B F (Lo9h)
by ;T g Wy

Crs is the total pitching moment coefficient for the ducted fan.

EMF ’ EMD ’ EMI , result respectively from fan, duct and interference
J J J

effects.

EMN is the change in pitching moment due to varying normal force,
3

EHIV and EHTV are respectively the changes in pitching moment due

to inlet and trim vanes,

- y - -
Cg = - (-1)J (52) [C.r sin 1 ¢ Cy cos iD] m(%-sinﬁn )(6} sin iD)
J J J J D;j
Xp, - xp. Xy
- [(-ip CSF + (-3) CSD + (-Erﬁ CsIv ] sin it Ky sin 14 (L,95)
J J J

QI_ is the total rolling moment coefficient for the ducted fan,
J (
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Kl is a function of axial advance ratio of the ducted fan.

. Yp - N
Gn = -(-])j(—g)[CT cos iD - CN sin iD] -(; sin Bp )(ET cos iD)
J J J J Dj

(B (D, . <EI")ﬂ Jcos 1+ K i (4.96)
- D 'S., ' “s —b—-us cos o) 1 coS8s D e
P D v
J J J
En is the total yawing moment ccefficient for the ducted fan,
J

Before writing the force and moment equations these coefficients
are re-expressed as coefficients representing both d.cted fans,

(Ex) = K, i (ET cos i - EN sin iD) (L.97)
D je1 3
- 2 - -
(Cz)D - - K, jfl (CTJ sin 1, + CNJ cos ip) (L4.98)
217
2 . Ky = (592
(Cp) =X ; Cg ms (L.99)
D o1 J
CRICREAS (1.100)
"=-%D ¢ .100
'y 2 jfl JLJ
CRICEAS 2R (L.101)
miy 2 in My .
Caly = %y D o (4.102)
D yu1 75

The equations for duct forces and momants are then as follows:

(Ax‘)n - K3(6x)n (4.103)

(87,) = K3(Ey)D (L.104)

s7
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(12,) =Ky (G) Ky =B (", o) s (L+105)
CRE x3b<6,_)D (L.106)
() = KBC(E“‘)D (4.107)
(ang) = KB’“(En)D (1+108)

Equations (L4,103) to (L4.108) will be included in the total aerodynamic
force and moment expressions.

Vertical Stabilizer and Rudder. Forces and moments for the vertical
tail and rudder will be defined in the same manner as for the XC-1lL42A and
Reference 8. The associated coefficients are as follows:

= C « B +C « 6R o
Cy Ye YsR (L.,109)
Cp=C, - B84C, . 6R+ gE- C ;5_ c (4.110)
8 LtsR Vg 1, B tr
Ch=Cph +B+C o BR+f-C +F-cC (4.111)
8 5R B p B r

The forces and moments for the vertical tail can then be expressed
in the following equations,

(81,) wc_ Sq (if—) (L.112)
VT
W7
(aL,) = C, bSq (= (L.113)
VT
Y

(ANa) = C, bSq (

—)
VT q (L.11k)

This force and these moments will be included in the total aerodynamic
forces and moments,

Horizontal Stabilizer and Elevator, The aerodynamic forces and
moments for the horizontal stabilizer will be defined in a similar
manner as for the XC~142A, Elevator movement is considered in the z-force,

58



NAVTRATEVAE! 120422

and the pitching moment, The anrle of attack cof the tail ay will be a
function of interference damping terms, and consideraticns of downwash.
The 1ift and drag coefficients of the tail can be expressed in the

following relations,

Qa (hollq)

Ch. =0C. + K (L.116)

The horizontal stabilizer (HS) can contribute forces in the x and
2 directions and a pitching moment, The equations are as follows:

q
(ax,) = [-CD cos (it-at) - 7 sin (it-at)] Sq(-§§) (Le117)

HS t t

q
(AZa) - [+CD sin (it-at) - C cos (it-at ] Sq(—%§)

HS t Ly
+ chcm6E . SE (L.118)
(M) = =(00y) e g ¢ (02) g e t:mql. CURKCHE W]
+qScC_, 8E (Lo119)
5E

%S is the distance from the aircraft c.g. to the aerodynamic center
of the horizontal stabilizer and hHS is the heipght of the a,c, above
the c.g. it is the incidence angle of the tail. Equations (L4.117) to
(L.119) will be included in the total aerodynamic force and moment

expressions,

Fuselage, In a very direct way we can write the effects of the
fuselape (F) on the total aerodynamic forces and moments, They are as

follows:

(axa)F = -q S CDO (L,120)

(aY)) =+qsSC_ .38 (L.121)
2 Ve

(2,) = -qSC; .a (L.122)

F a
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(AMa) = q SC(Cm + Cm . 1) (i1.123)
F 0 a

(A.‘Ja) = q Sh cn (L.121)
F 8

Equations (1:,120) to (L4,12L) will be included ir the total aerodyramic
forces and moments,

Reaction Controls, The contrel vanes (horizontal (VH) and vertical

(VV) are located in the exhaust flow of the jet enfrine, The recac.ion
control (R") vanes provide lonpitudinal and lateral control in the hover
mode. The following coefficients are detfined as in Feference A8,

7 = K
LVH VH

CLVV KVV

2
c K ¢
Loy

(8

K C

(VE - U) -- residual thrust (Tr)

X,
v (L.125)

SALLLEY,) - C
¢y Ly By

(L.12¢)

9
Ny

are moment arms to control vanes.

The force and moment equations then follow from equations (4.125) to
(L.129) as:
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r ’iw

(ax_,) = q.8,(°.)) + T p .= JO007TE siups/fY7
a RO k 1 X R" 7 k ;
, |
(AY,) = ap S, (7)) Voo o= 30LLC S '
e BV Vg :
[ag ~ - 1 v ?
(M.a)nn = q DV(\'Z)H, j\:‘ T 3w \/F i

(AN_) = gp Syby (7 )
3 R EV " en

(Li.130)

(Lis131)

(Lhe132)

(L.133)

(Li,13L)

Equations (4,130) to (L.134) will be included ir the total aerodymamic

forces and moments,

EQUATIONS OF MOTION VZ-LDA. The aerodynamic force and moment terms
developed for the VZ-4TA for each of the major aircraft components
will be combined and set equa: to their corresponding internal force
and moment expressions developed in axis system section for the VZ-L

Total Aerodynamic Forces and Moments., These expressions are as
follows:

Xo = (X)) + (BX)) + (8x)) + (&x)) + (&X))

w D HS F RC
y, - (AYa>w . (Aya)D + (AYa)VT + (AYa)F + (AYa)RC
z, = (A?a)w . (A?’.a>F + (Aza)ns * (Aza)F * (AYa)nc
L, * (ALa)w * (Alaﬁp * (ﬁla)VT

M, - (AMa)w . (Ava)F = (AMa)”S + (qugp + (AMa)HC

a

Moo= (AN.)  + (AN.) 4 (AN.) & (*0) o+ (A%N)
a Ay 3'p 3 yr F 2R3

m,

Fauations of Motion.,~ These equations are sutject to simplitication

in the interference repion and in the rerresentation of duct fan for

ces

and moments when further filipht test data is available for the determina.
tion of typical mapgnitudes of terms,
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X Force Equation
[Cq cos (i a,) = 3, sin (i, (i, = a,) SQ(S'}'{'§
h Tt It A L, 7 t Tt t q

+ (") S +K,(C) =qs8sC¢ + Q. (c.) + T
x w qw 3" x n Do E SV x RC r

= "1(;T + qu - Vr) + mg s5in 6

Y Force ¥quation

q
VT
cos (2 s qsc .
yalg) * 9 vp P

(5.) S_+ K (5 )
yquByD

- m(& + Ur « Wp) - mg cos 8 sin ¢

Z Force Equation
in (i, = a,) = C (i - ay)] Sa(-LS

[CI% sin (14 = a,) - Lt cos (i - ay q 3

+ (Cz) Sqw + KB(CZ)

+ q Sc CmEE «8E=-9aSC; .a+aqp Sv(Cz)
a R

D

c

- m(W Vp = Uql) - mg cos 6 cos &

Roll Equation

- qv‘r
(Cl)w bSqw + K3 b(Cl)D + Cl b SQ(_E—)

- Illp - 113 (r + pql) + (133 - 122) qlr
+ (IE;}_:) cos (iw + GD) -q (IEﬂE) sin (i' + GD)

Pitch Equation

(c.) ¢ Sq_ + K c(E ) +q8Sc(C_+C_ .,a)+q ey (C)
m " % 3"''m D m, m E SV viim RC

Se .
“(AX. ) o hyat (AZ.) o Lot S [C. . qV+C oW
a HS HS a HS HS H mql 1 ma

+ qSc CMGE + S5E

. 2 2
- I22q1 - 113(P + P ) + (Ill - 133) pr
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+ p(IEnE) sin (iw + SD) + r(IEPE) cos (iw + 6D)

6. VYaw Equation )

- Qyp
(Cn)w bSq + KBb(C )D +C bSQ(-E—) +q5 Cne . B

+ ap Sy bv(C")Rc
’ /

- T..0 - : \
- (IEﬁg) sin (i . GD) - (T ﬂ,) CTS (i + BD)

No simplifications have been made on the right side of these six
equations, . \

TILT PROPELLER . |

The Curtiss=Wripht X-19 V/STOL aircraft will be used as the example
in the development of tilt propeller (tilt prop) V/STOL simulation
equations of motion. The development which follows is based upon the
type of arguments presented for the tilt-wing and information gleaned
from Reference UL, \

\

In order to gain some idea of the X-19 let us consider Figure 3
and Table 6, In Fipure 3, a three-view arrangement of the X-19 is
shown, Table 6 is a 1ist of definition of symbols contained in the

X-19 equations,

With this peneral idea of the X-19, we may now develop the mathe-
matical model for the X-19, First we define, as necessary applicable
axis systems, Second, develor aerodynamic coefficients, Finally, write
the equations of motion for the X-19,

AXIS SYSTEMS FOR X-19. It appears that the forward and aft wing chord
are-parallel the x=body axis of the aircraft., In this aircraft the
aft wing functions as the horizontal stabilizer %ith elevator, The
total velocity of the wing, V W can be expressed eagily in aircraft

body axes, In addition separate axis systems to describe propeller

velocities are not necessary since the propeller velocities can be
expressed in terms of aircraft body axis velocities (U, V, W). Conse-
quently, no additional axis systems will be necessary other than the
conventional inertial, body, stability or wind axes,

In addition, there will be no gyroscopic effects from the rotating
masses of the propellers and their drive shafts, The four propellers
are .“echarically " ‘rked tn =ctate at the same speed and the starboard
rrct ~1le;  turn Ir ine orresite 3 rection cf the rort nropellers, If

cwe mp ot Ty otellel s Salle - 0 ree ulR re pyroscrr i~ effects,
(U% Reproduced From
oo Best Available Copy
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Symbol Netinitior
F Fuselape
w Wing
n “ain propellers n = 1, 2, Front, n = 3, I Aft,

Tep view, left to ripht

vt Yertical Tail
agp Angle of attack - fuseclape
Qrp Anple of attack - wing forward
Qs Anrle of attack - wing aft
BF Sideslip angle - fuselage
Bwf Sideslip angle ~ wing forward
Bwa Sideslip anrle -~ wing afi
ip Tncidence angle - propeller nacelle
Vg Total velocity in aircraft body axes
Vw Total velecity in wind stability axes
c Mean aerodynamic chord
b Wing span
S Total area of wing
Qe Dynamic pre=sure at forward wing due to powereon effects
UYa Dynamic pressure at aft wing due to power=cn effects
q Dynamic pressure = free stream
Qyt, Dynamic pressure at vertical tail
T Total thrust of main propellers
In Advance ratio main propeller
Ja Advance ratio normal in propeller disk

N, * N RPM -~ main propeller

Table 6, Definition of Symbols 'Jsed in X-]9 Equations

6l

|
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Definition

Nominal RPM -~ main propeller

Blade pitch angle < main propeiler

Main propeller thrust

Main propeller thrust component normal to Tn‘

Main propeller moment (initially pitching)

Main propeller torque coefficient

Diameter main propeller

Table 6,

Cefinition of Symbols Used in X-19 Equations (Cont'd,)
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AEROTYNAMTC FCRCES AND MOMENTS - X~19, In order to develop expressions

for X, Ya, 74, L,s Ma, and N,, contributions from the major airframe

components of the X-19 will be considered separately as was done for
the tilt-wing aircraft, The major components to be considered are
the propellers, the forward wing and aft wings, the vertical tail and
rudder, and the fuselare,

Proreller, The inclination of the propeller nacelles from the
x-body axis is defined by propeller shafts, angle of tilt, ip. In
Figure 3 we see the angle ih and the peometry defining the total pro-
peller velocity, V . For the velocity, Vn’ n denotes the particular

propeller (n = 1, 2, 3, L), The front left prcpeller is number 1, the
front right propeller is mumber 2, the rear left propeller is number 3
and the rear right propeller is number L. Each propeller nacelle is
located by X ¥p and z, body axis components., Due to the symmetric
placement of the propellers; xy = Xp,~X3 = =X} ,~¥y ® Yo,-Yy = ¥) =2
==z, and %3 " ~2). These body axes moment arms (sn, Yy, and zn) are
multiplied by the appropriate body axis angular velocity (p, 9 and r)

in order to give tangential velocity components of the propeller
velocity components,

w, ® U - yh(p sin ip 4 T cos ip) - ql(xn sin ip-zn cos ip) (14135)
v,V +xr (Le136)
w, "W+ yn(p cos ip - r sin ip) - ql(xn cos 1p+zn sin ip) (L.137)

We will now define the propeller aerodynamic coeffients Cop »
n

c C

P N

n n

main propellers of the XC-1L2A, however there is no C, for the X-19,
n

since the port pronellers turn in an opposite direction to the star-

board propellers, First let us define the advance ratio (Jn) for

eac? propeller and the advance ratio normal to the propeller disk
(33

and CM . These coefficients are the same as those for the
n

60V
J n
n NYD °

n

J; = J cos ¥, (L.138)
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The symbhol Nn (the particular propeller RPM and since all propellers ar:
mechanically linked to turn at the sarme rate) Hn = ", The mmber &0
chanres RM to RPS, D is the diameter of the prepeller disk and Pn i

defined as the blade nitch anple of the particular propeller. The aeroc-
dynamic coefficients can then be developed in terms of advarce ratio
and blade nitch, The angle wn is the angle between the propeller thrust

vector and vn 17 chown in Fipure 7. Wn is defined the same ar for the

tilt wing as is 8 _--equations (Lel) and (L.2),

acT aCT 32CT
= —— 1 —_t I ( |
CTn JTO ’ 3J! J ' 3B Rn * 3R3J? Rn I;’l (1~0139)
x, 3, ¥c,
™ . 1 -
Cpn C?o MERD Jn Y 38 Fp * 3B3J! Bndn (L1LO)
3(C_ cot ¥)
- Q[
CNn oR [ 3 d! 1 By Iy sin ¥n (Lelkl)
aC
3 M
o, " e e (lo142)
Mn CDA 3Vn n n
Cp » Cp , Oy ave defined sinilar to equations (L.7), (L.8), (4.9)
n n n

and (L4,11). Since blade pitch is the prime control parameter ir the
X-19, the second partial derivative 32 is retained in equations
2  3Ba!
3
(4,139) and (L.,140) whereas T is neglected. CTn is the coefficient
of thrust (Tn), CP is the coetficient of power used to express torque
n
(Qn), C,. 1is the coefficient of normal thrust (Nn) and CM is the
'n n
longitudinal propeller hub moment coefficient, (Mn).

Refore expressing the force and moment contributions in body axes
due to the propellers, we will define Tn, Nn’ Mn and Qn (Reference 6),

et D (2 e (La1s3)
o

(o) n

N - o () (-o-") Cy (Lo1Lb)
0 0 n
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o] Po n
P, N
= = (=) (&) C (L.1L6)
W) (0 %

No is the maximum RPM of the propellers and CIS is the air density at

sea level on a standard day.

From equations (L.1),3) through (L4,146) we can then write the pro-
peller force and moment expressions in a manner similar to equations
(4.17) through (L.22) of the XC-1L2A,

L
(Axa)p = n-ﬁ (T, cos ip - N cos 8 sin ip) (L.147)
L
(AYa)p - n£1 (-N_ sin g ) (4o.148)
L
(Aza)p - n£1 (-Tn sin ip - N, cos B cos ip) (Le1h9)
(AL)y = - [(Aza)pl - (Az‘)Pz]Yl - [(Aza)p3 - (Aza)ph]ya
+ [(AYa)pl + (AYA)pelzl + [(AYa)p3 + (AYa)ph]z3
4
- nfl Mh sin 8_ sin ip (L.150)

(AMa)p - xl(Tl + TZ) sin ip - x3('l‘3 + Th) sin ip

- zl(T1 . Tz) cos ip - 23('1‘3 + Th ) cos 1p

+ zl(N1 cos 81 + N, cos 82) sin ip

+ z3(N3 cos By + N, cos B,) sin 1p (L.151)

+ xl(N1 cos B + Ny cos 82) cos ip
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x3(N3 cos B + Nh cos Bh) cos ip
N
+ . Mn cos Bn
nel
(8N,),, = [(xa)pl - (xa)pzl y, * [(xa)p3 - (xa;ph] v
- S
+ [Ya)pl + (Ya)pzl x, [(Y”)pa + (Y“)pu] x (L.152)
h »
- n§1 M sin Bn cos ip

Note that xq, SYRATRLY zZq and Zq are positive values. Th propeller
force and moment equations (L.147) through (L.152) will be included in
the total aerodynamic forces and moments,

Forward Wing, The forward wing forces and moments are developed
as for the XC~1lL42A in Section IV, It is assumed that the wing
incidence angle, i, is zerc and that the induced velocity, a4V, is

defined as equation (L4.3L) when ip is zero. AV will change as a
function cos ip and flap position when the aircraft is in hover and

transition regions, Consequently, as a preliminary estimate, the wing
velocity Uor is as follows:

u

- = up + (AV)TP (h.lSB)

where (AV)TP = K AV cos ip

For forward flight where ip equals zero then up equals VB and K = 1,

K is a function of flaps and interference effects as the propeller
wash hits the wing at high ip angles, K and cos ip will tend to

decrease AV as ip increases, As in equation (L,36) q, is defined
similarly as:

2(? + T2
= (q + —-—2-.3-——) (L,15L)

The forward wing aerodynamic coefficients are Cp, Cyr (Q} we?

and (C ).~ C. and C, define (Cx) and (C ).f respectively.

(Colur wt Cp L
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Since the deve:.pment of these coefficients is in winp axes, rolling
and turning rates necessary to define these coefficients are transformed

from body axes., The only difference is in the angle of attack of the
wing, a g, which is from equation (L.32) as follows:

W

-1
a . = tan [‘-—jﬁ”—j—*J (L,15%)
wl up + (AV TP

where LA - wp; W= up sin ip
and u e = up + (AV)TP; Ue up cos lp
In a similar manner Bwf is defined as:

8 -tmfl

\'
- (L.156)
Vet

where vp = vwf =V

and V, = [W + (U + AV).H,)2 . V2 V2

We write for the wing rolling rate (pwf) and the wing turning rate
(rwf) the following equations:

Py “PCOSa+T sin L (L.157)
re ™ -k sinq . ¢rcosa (L.158)

These are just equations (L,37) and (L.38) where £ = -a,, since

iu"Oi“"(iv"‘uf)°

Following the tilt wing the aerodynamic coefficients for the
wing are as follows:

- 6F (L.159)

C. =C, +C . 8F + C . a (L,160)
L L, Lep LGF wf

Cp and CL do not reflect as strong a flap dependence as in the XC-1l2A.
Ihis is a preliminary estimate of C, and C;, which may be modified by
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further manufacturer data, (Cg)wf (Cm)wf and (Cn)wf will he defined
as for the XC-142A.

b b
n = 3 e B + C o 5A + C P+ =~—C ,r (L.161)
(® Pur 0y Bt * G Mg 1" W Fgg ap T
F A
(n) . =7 +¢C . 6F 4 o C e (L.162)
m’wf My Me o 2wa mql 1
8F 5A wt p wf r

Fquations (L4,159) through (L,163) will now be written in body axes
by rotating through an angle (-aw).

(hx)wf = -Cpcosa..+ Cp sin < v (Lo16kL)
(Cz)wf - - CD sin G = CL cos a_. (L.165)
(Cl)wf - (Cl)wf cos a_, - (Cn)wf sin a f (L,166)
). = (C) =£ (c.) Tac (c,) (L.167)
(Codwr m'wf T ¢ x‘wf T T¢ “zlwf °
(Cn)wf - (Cz)wf sin G * (Cn)wf cos a_, (L.,168)

xoc and Zac are the respective distance from the c.g. of the aircraft

in body axes to the aerodynamic center (a.c.) of the forward wing in
the x-z plane., c¢ is the mean aerodynamic chord of the forward wing,

The wing force and moment contributions can then be written from
the coefficients expressed in equations (L.16L4) through (4.168)., S is
the forward wing area and Qs the dynamic pressure at the wing.

(AX) 0 = (S )0 S a (L4169)
(8Zg) e = (Cplur S % (L.170)
(8Lg)yr = (Cplyp ©S Qp (L.171)
(8Mg)yr = (Cplyur €S Qp (L.172)
(8N) ¢ = (Cp)yp BS Qe (L.173)
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Vertical Stabilizer and Rudder. The discussion is the same as for
the XC<1lL2A since there is obvious similarity in configuration of the
vertical stabilizer for the propeller wash effects on the vertical
stabilizer for the XC-142A and the X-19, Forces and moments for verti-
cal tail (vt) and rudder arise from the relative wind pushing against
the vertical tail surfaces thereby causing a turning moment due to
control input to the rudder, This gives side force, as well as rolling
and turning moments,

Wind pushing against the vertical stabilizer and rudder yields a
side force (AY,),, and rolling moment (AL,) , respectively which are

non-dimensionalized in terms of aerodynamic coefi'icients as Cy and C,.

The rolling moment is coupled in rolling velocity p and turning velocity
r, We can then write for Cy and Ct the following expiessions,

c, =C 'p" C . SR (hol'n&)
y vy YeR

CYB is the change in side force coefficient with changing sideslip
angle, It acts as a damping term, Cy is the change in side force

coefficient with rudder deflection andagepresents the controllable term
in the expression, This is important in the use of Automatic Stabiliza-
tion Equipment (ASE).

b rb
C, mC,oB+C ¢+ 6R + ¢ + 5= C (L.175)
¢ lg L8R sz lp vB Lr

Cq is the change in rolling moment with variation in sideslip angle.

8
The vertical tail is normally above the X axis, hcnce a side force
on the tail gives a rolling moment, Cl is the change in rolling
6R

moment coefficient due to rudder deflection, Cl is the roll damping

p
derivative, Cl is the change in rolling moment coefficient with
r

change in yawing velocity.

Rudder deflection will give a turning moment (ANa)vt which can be
expressed by the aerodynamic coefficient Cn'

b rb
C =C .B+sC «6R+ 2 ¢c + X ¢ (L.176)
h N MsR Vg n, 2Vg 1,
cn is the weathercock or static directional derivative. Cn is
R

8
rudder effectiveness, the change in yawing moment coefficient with

—————rudder—defleotion,Cp 18 the changs in yawing moment coafficient

p
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with varying rolling velocity, Cn is the yaw damping derivative,
r

The tail is the main contribution to Cn .
r

The forces and moments for the vertical tail can then be ex-
pressed in the following equations:
Wt

(8%a)vy, = Oy o5

(ALa)vt -G bSq(EEE)

Y,

(ANa)vt - Cn bSQ(T

Here q is the free stream dynamic pressure and Q. is the vertical

tail dynamic pressure. These force and moments will be included in
the total aerodynamic forces and moments,

Aft Wing, The aft wing (wa) has two propellers placed in a
similar configuration as the forward wing and acts as a combination

wing and herizontal stabilizer, When the four propellers are
similtaneously rotated by the angle, ip’ the aft wing is either in

or out of the front propeller wash, If the aft wing is out of the
front propeller wash, the aft wing will be practically a duplicate
of the forward wing in aerodynamics, If the aft wing is in the
front propeller wash, the aft wing has induced velocity effects from
its own and the front propellers. The description of downwash, as
for the XC-1112A Horizontal Stabilizer is not applicable to the X-19,
However, since the af't wing has elevator control and no aileron
control, the forces and moments developed will lie in the x-z body
axes plane as for a horizontal stabilizer,

As for the forward wing, the aft wing incidence angle is
assumed to be zero. Induced velocity effects for the aft wing are

as follows:

Ugg ® Up * (8V)gp
Tl + T2 + T3 + Th

(L.177)

(Le178)

(Lo179)

(4.180)

Qg = (3 ¢ 7 ) (L.181)

»D

Equation (L.,180) is the same as (4,153), but is for the aft wing out
of front propelier wash, V__ 1s the same as Vye Out of wash, and

wa
V'a differs from wa

For the aft wing in front propeller wash, equation (L,180) becomes:

by the effect of induced velocity in wash effects,
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LWL 3/2(Av)TP (L.182)

where (AV)TP = K, AV cos ip

Notice that if i = 0, (AV).. = e aWoe 3k~ 1att =o0)
[o] ce av p ’ TP 2 T 2 —~ P

K2 accounts for interference effects, From momentum theory the induced

velocity, AV, does not double on the aft wing from the effect of two
propellers blowing on the wing in parallel but AV increases by one-half,
The coefficients (CD)wa’ (CL)wa and (Cm)wa are defined similar to

equations (L.159), (L,160) and (L.162), but using elevator controls
instead of flap controls,

(Cplya = Op_* Cp _ + 6B (L.183)

(cL)wa =Cp +Cp . GE + cL (Le18L)

(o} 6E %

(C) . =C +x5-C_ .q +C_ oW (L.185)
m’‘wa m, évwa mq1 1 ms
The coefficients (CD)wa’ (CL)wa and (Cm)wa are rotated to body

axes by the aft wing angle of attack (awa)' The coefficients in body
axes are similar to equations (L.16L), (L.165) and (L.167).

(Cxlya = = (CD)wa cos a__ + (CL)wa sina . (L.186)

sina,_ - (C[),, cos a (L.187)

(€, )., =~ (C

z'wa D)wa W

From the coefficients defined in equations (L.185), (L.186) and
(4.187) the force and moment contributions of the aft wing are as

follows:

(Axa)wa - (Cx)wa S qwa (L.188)

(82,),a = (C,)a S Q4 (L.189)

A X
(AM)op = (Colya = == (MK ) + =2 (82,), (L.190)

In equation (4.190), X .and Z  are the respective distances from the

aircraft c.g. to the aerodynamic center (ac) of the aft wing in the
x-z plane, c¢ is the mean aerodynamic chord of the aft wing.
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Fuselage, In a very direct manner we can write the effects of the
fuselage (F) on the total aerodynamic forces and moments as for the
XC-1L2A,

We have for the forces

1 2
(Axa)F =-50VpS CDo (L.191)
CD is the equilibrium drag coefficient,
o
(ar.) =+ 2ov8scC .8 (L.192)
a . 2°"B y ! PF .

cy is the change in side force with respect to a changing sideslip
Br
angle,
(Le193)

N
©
<t

(Aza)F .-
o
CL is the change in 1ift coefficient with varying angle of attack,
o
This is also known as the lift curve slope.

We have for the moments:

(aL,) = O
&'F
1 2 1 2
(AMa)-é.pVBSch +2-pVBSch . Qg (L,19L)
F 0 OF

Cm is the aerodynamic pitching moment coefficient in equilibrium
o
flight and C is the longitudinal static stability derivative,

S
(AN.) =% o0vViSbC_ .8 (4.195)
a ) B n F *
F BF
Ch is the static directional or 'weathercock’ derivative,
2
In the above expressions q = % p Vg which is the dynamic pressure,

b is the forward wing span, ¢ is the mean aerodynamic chord and 8 is
the forward wing area,
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For hovering and in transition regions g, is assumed small so that
cos Bp = l.

EQUATIONS OF MOTION - X-19, The aerodynamic force and moment terms
developed in this section for each of the major aircraft comporents of
the X-19 will be combined and finally expressed in the equations of
motion,

Total Aerodynamic Forces and Moments, The total forces and moments
are as follows:

X = (8K (BX) o+ (8K, + (AX,)p
- (1) v (ar) ¢ (a7,

(82,0 + (82) 0 + (8200 + (87,0,
(8L, + (8L + (L),

(8M4g)p + (88)yp + (AM) g + (AM))p

Na

(ANa)p (Anm)“f (ANa)vt + (ANa)F

Equations of Motion Expanded. The forces and moments are expressed
in body axes, These equations are subject to revision when further data
are available concerning the X-19,

1. X Force Equation.
L
nfl (Tn cos ip-Nn cos 8 sin ip) + (Cx)wf Sq,¢

* (cx)ua Sqa - cDo Sq

em(U+W -Vr)+mgsing

bl

Y Force Equation,
L
L e B
n=]l F F

(-Nn sin Bn) + qy Sq,, + Sq C’b

o« m(V + Ur « Wp) = mg cos 6 sin &




3.

Se
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Z Force Equation.

L
n-tl (-T_ ein ip - N cos 8 cos 1p) + (%) Sqp

« (C.)

2hva S =S40 . o

F
-m(w+Vp-Uq1)-ngcosecos¢

Roll Equation,
-[(Ty - Tp) sin ip + (N cos B - N, cos B,) cos ip] ¥,

+[(T3 = T),) sin 1+ (N3 cos B, - Ny cos 8)) cos ip] 3

=[Ny sin 8, + N, sin 6,] 3, - Ny 3in B8, + N, sin Bh] D)
b

- n:; My sin B sin 1+ (C ) . bSq, + C bSq,

+ I)3 (¢ +pay) = (I35 = Ipp) qr

- IpyP

Pitch Equation,

[xl('rl +T,) - XB(TB + Th)] sin ip' [31(T1+T2)+ z3(T3+Th(] cos ip

4[31(N1 cos B+ N, cos 8,) + 53(N3 cos By ¢ Nh cos Bh)] sin 1p

+[x1(N1 cos B+ N, cos 82) - x3(N3 cos 83 + Nh cos “h” cos 1p

+ l; M cos Bn + (Cm)wf cSq"f + (Cm)vf cSq'foch(Cmoo cmc . aF)
n=1 F

" 109

77




NA/RACEVCEN 1205-2

Yaw Equation,

[(T1 - TQ) cos ip + (N2 cos B, - N1 cos Bl)

[(T3 -T,) cos ip + (Nh cos B - Ny cos ﬁ3)

4
(N3 sin By + Nh sin Bh) Xy - (N1 sin By +
2;1 Mn sin Bn cos ip + (Cn)wf bSqwf + Cn

L8 - aqr) - (I - 1) Py

I33*

External stores, rough air or landing gear conditions are not included
in these equaticns,
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FAN=-IN=WI NG

The General Electric/Ryan Aeronautical XV-SA V/STOL airplane will
be used as the example in the development of fan-in-wing V/STOL simula=
tion equations of motion, The equations of Section TIT will be directly
applicable to the simlation equations for this alrcraft,

In order to obtain scme idea of the XV-5A consider Figure L and
Table 7., In Fipure L, a three-view arrangement of the XV-LA is shown,
Table 7 contains some of the physical characteristics of the aircraft.

With this general idea of the XV-5A, we may now develor the mathe=
matical model for the XV-5A, First, we will define, if necessary,
applicable axis systems, Second, we develop additional aerodynamic
coefficients., Finally, we write the equations of motion for XV-S5A,

AXIS SYSTEMS FOR THE XV-5A, The XV=5A has no change in its physical
corfiguration during the hover, transition and normal flight., The
only gross change from hover to normal flight is from thrust gener-
ated from the nose and wing fans to thrust from the tail pipes, The
thrust developed by the fans during hover and transition should be
available as a function of fan revolutions per second (rps) and fan
louver position which directs the thrust of the fans, The thrust of
the aircraft is described sufficiently in the axis systems used for
ordinary jet aircraft similation (Reference 2), Consequently, no axis
systems in additicn to the inertial, body, stability or wind axes will
be necessary, to develop equations of motion for the XV-5A,

In addition, there will be no gyroscopic effects from the wing fans
since they remain in the same geometric plane, are free wheeling in
opposite directions and are driven from a common gas source at approxi-
mately the same rps. The fan in the nose, also free wheeling, does not
fFive any appreciable lift, but is used as a pitch contrcl, The doors
in the fuselage ventral to the nose fan are linked to the control
stick in order to control the flow cf air thrcugh the nose fan thus

giving pitch control,

v B 9 » Ly term.
Q

INF NF P ’ Ma term,

Ine OnF » Ny term,

Tt may be determined after consideration of data from the manufacturer
that these terms will be negligible, but for the presant they will be
included i~ the equations of motion,
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Weight
Empty 9,200 lbs,
Design Gross 12,000 lbs,
Overload Ferry (Conventional Take off) 13,600 1bs,
Dimensions
Fuselage Length (over-all) LL.S ft,
Height 1,7 ft.
Powerplant
Lift Fan System - G.E. X353-5B
Fan Diameter, Installed 76 inches
Fan Thickness 14,5 inches

Turbojet - G.E, J85-§

Over-~all Length with Diverter Valve 67.2 inches
Maximum Diameter 17.7 inches

v

Table 7. Selected Physical Characteristics - XV~5A

AERODYNAMIC FORCES AND MOMENTS XV-5A. It is proposed that since the XV-S5A
has no special problems in development of the equations of motions that
equations such as (3,7) through (3.12) or those by Connelly, in Reference 2,
be used for simulation purposes. In equations 3.7 and 3.9 the engine
thrust will be defined to conform with the fan-in-wing.

The total engine thrust, T, is compcsed of either fan thrust, TF’
or Jet thrust TJ'

1 is port fan (L=196)
2 is starboard fan

F" TF + 7T

1 T2

Due to cockpit control of the diverter valve, T is equal to TF or TJ‘

For example, when the aircraft has enough forward speed to be supported
on wing 1ift the diverter valve is moved so that all the incoming air
passes through the jet engine for forward thrust (1,e, TJ) and the “an

inlet and exits are closed, There is a three to four second delay
before the fan develops 100% 1ift when the diverter valve is swiiched
from TJ to TF' This delay is easily simulated and rids the thrust of a

discontimity between TJ and TF'
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Hover Flight XV-SA, The equations for hover flirkt are equaticns
(3.7) througsh (3.12) with the aercdynamic coefficients considered
neplirible, We can then write the following expressions:

m (6 + qu -Vr) = TJ cos an ¢ Te sin GL (Le107)
m(V +'r « Wp) = g cos 8 sin & (he170)
m (¥ + Vp - ”ql) --TJ sin ap = Ty cos 6, + f(TNF)
I I =
13+ vF Wr
P ® === P = me——, ¢+ (T. cos ® =-T. cos 6, )
1 I, 1 ﬁ_l' F LR L
+B2 o, e (L.150)
‘11 5A
I .. T cos ©
dl - _HE_EEE.p + Ng NL . §§S c . SE (L.200)
I22 22 22 "sE
A SUNN -
r.__ﬁp+”§%+1¥ (Tp sin @ =T, sin 6 )
33 33 33 1 L R L
. E}E"i C__ . 6R (14,201)
‘33 "6R

In these equations 6 is the angle the fan thrust is rotated (9L is

a function of louver angle) and ¥ is the moment arm from the xeaxis
(narallel to the y-axis) to the center of either wing fan, eL and

1

9L2 refer to louver angles at the port and starboard fans, Cross-
coupling of angular rates is assumed negligible for the hover condition,
The gyroscopic effects of the nose fan %NF are included in equations
(L4199), (L.200) and (L.201). These gyroscopic terms will be zero in
conventional flight., Reaction moments are included in equations (L.199),
(1,.200) and (L.201) to account for aileron (SA), elevator (6E) and
rudder (6R) control mction during hover, The reactior moments are con-
tained in C , C and C so that they phase naturally into the

Lea MsE NsR
tran<ition and conventional flight equations of motion, Pitch control
is renresented by nose fan thrust (T F)’ The pitching moment created
bv the nose fan is f(Typ). t, where'j, is the moment arm from the

center of the nose fan to the c.g. of the aircraft.
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Transitional Flight, As in the equations for transitional flirht
for the 01,1127 (Section IVY |, the transitional equations for the Xv-©A

are nomrosed of the equations (3.7) through (3.12). Consequently, we
can wrive the equations of metion far the fan=-in-wing directly.

PUIATIONS OF MOTTON XV=5A, The equations of motion are expressed in
a.reraft body axes,

X Yoree Equa,t ion
2

V.S
7 ° . 2B ~ -
m (1 + Wqy - Ve) -“5—-[Cx (a, Ma) + Cx (B) + JxéF o 6F]
+ Tj “0S ap + Ty sin eL - mg sin 6
Y ¥orce Eqration
. v2s
m(V+Ur-Wp) =8 [C_ .g+C_ .6R] +mecos @ sin &
< Y Y&R
8
Z Force Equation
2

V.S

n‘ E "
m (W + Vp - Ugy) = &= (C, (a, Ma) + Coge * OF * Ca - 6E )

TJ sin ap - T; cos 6; + f(TNF) + mg cos 8 cos & ?ﬂ

Rell Equation

1 I, =1 1
Sl e pe - (B3 o I e
11 11 n
-7—"V§Sbt 3 ( )]
+ l c QB"’C « 6A ¢ C « SR + C .p‘c o I
In g L 6A sr &g 1, >

+ (T, cos 6 - T. cos 6, )
7 R L, Ly
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Pitch Equation

S I,-1 I, 8
qlnfg(rz-pz),(.}_lr__j_l)pr-_wp
22 22 22
2
V.Sc
DB C ®\
. (C_ (a, Ma) + C . 6F + C e B8E ¢ = (C .q +C ., ., a)]
My 'm MsF Mg g Vg "a, 1 m
. f(TNF)ﬁ.T
I22

Yaw Equation

P3G ar) - (22 =t pq , D
I33 1 3 1 I

NF

2
Sb
B b

+§-—[c « B+ C « 5A + C e SR + (c. «.p+C_ o.r)]
I33 ng "sA sk ﬁ; % p

+-i-('r sine, -T, sin 6, )
I33 Fy L 'K L

External stores, rough air or landing gear conditions are not expressed
in the above equations,
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ROTATING THRUST

The Hawker P,1127 will be used as an example in the development
of rotating thrust V/STOL simulation equations of motion. The equations
of Section III as well as information from Hawker Aircraft Ltd, (Refer-
ence 9) will be directly applicable to the development of the simulation

equations,

In order to obtain some idea of the P,1127 let us again consider
Fipgure 5 and Table 8. In Figure 5, a three-view arrangement of the P,1127
is shown, whereas Table 8 contains some of the physical characteristics

of the aircraft.

With this general idea of the P,1127, we may now develop the mathe-
matical model for the P,1127, First, we define, if necessary, applicable
axis systems, Second, we develop any additional aerodynamic coefficients,
Finally, we write the equations of motion for the P,1127,

AXIS SYSTEMS FOR THE P,1127. The argument presented here is similar to
that of the fan-in-wing, The only physical change in the configuration
of the P,1127 from hover, through transition to normal flight is the
rotation of the thrust nozzles. This rotation can be adequately describ-
ed in the aircraft body axis system, In accord with Reference 9, body
axes can be used during hover flight and stability axes can be used
during transition and conventional flight in order to specify stability
and control derivatives, Consequently, no axis systems in addition to
the inertial, body, stability or wind axes will be necessary to develop
equations of motion for the P,1127.

AERODYNAMIC FORCES AND MOMENTS - P.1127, In Reference 9, Hawker Aircraft
lists equations of motion for hover and transitional flight. During
hover, control is maintained by the reaction controls which obtain con-
trol pcwer from the cockpit stick and rudder pedals. There are two roll
reaction controls (one near each wing tip) which operate in conjunction
with the ailerons from command signals generated by the cockpit stick.
Next, there are two pitch reaction controls (one under the nose and one
under the tail of the aircraft) which operate in conjunction with the

all movable tail plane from command signals generated by the cockpit
stick. Finally, there are two yaw reaction controls (one on each side

of the tail of the aircraft) which operate in conjunction with the rudder

from command signals generated by the rudder pedals,

8L
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Yairht

Rasic 10,280 1bs,

Design Oross 15,7LY 1bs,
Wine~

Area 186,10 £t.°

Incidence to fuselage datum 1.7

Dihedral Angle -12°

Aerodynamic Mean Chord 8.667 ft,
Horizontal Tail (all movable)

Area Lk.20 ft.z

Span 12,00 ft,

Dihedral Angle -156.50'
Fuselage

Overall Length L2,00 ft,

Overall Height 10,75 ft.
Vertical Tail

Area 26.10 ftoz

Height from fuselage datum 8.167 ft,
Underfin

Area 6.0 ftcz

Distance of tip from fuselage datum 1,67 ft,
Flaps

Area 13.25 ft.,2

Movement 0 to 50°
Reaction Controls

Distance of roll reaction nozzles from 11,20 ft,

fuselage CL centerline

Distance of forward pitch reaction nozzle 17.55

from moment reference center

Distance of rear pitch reaction nozzle 20,55 ft,

from moment reference center

Table 8, Selected Physical Characteristics P,1127
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Reaction Controls (Cont'd,)

M stance of yaw reaction nozzles from
moment reference center,

Aerodynamic Controls

Aileron Area (Port and Starboard)
Movement

Rudder Area

Movement

Tailplane Net Area

Movement

Trim Range

Intake

Area

Powerplant

No, and Mcodel
Type

Mamufacturer

By-Pass Ratio

length

Diameter

Maximum Engine Rating
Maximum Fan RPM (¥ design)

20,15 ft.

8.75 ft.’

+ 12

5.25 ft.
+ 150 2
38,08 ft
+ 120, - 100
+51/2°, -« 2 1/2°

2

9.3 ft.2

(1) Pegasus B.,S. Pg. &
Ducted fan 1ift/thrust
engine

Bristol Siddeley

1l.L

8.25 ft-.

4,00 ft,

18,000 1b,

101,0

Table 8. Selected Physical Characteristics P,1127 (Cont'd,)
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From Reference 9 further information concerning thrust is obtained.
There are four et nozzles operating from the engine, These nozzles are
rortated similtaneously. The front port and starboard nozzles are cold
Jjets while the aft port and starboard nozzles are hot jets,

The c¢nld jets are oriented 5° out from the x=z body axis plane,
Tho hot jets are a function of ej and are given by the following
~xrression:

- ¢ .
&y = 7.5° + 0,05 8 (L.202)

The total thrust vector (four nozzles) is:

0
Te=T.,. cos 5 + TGH cos Qﬁ

GC

T = 0,996 Tqp *+ Tgy co5 & (L.203)

where TGC is the gross thrust from tre two cold jet nozzles and TGH is

the gross thrust from the two hot jet nozzles, We will turn to aero-
dynamic forces and moments during hover and transitional flight,

Hover Flight, The equations used by Hawker in Reference 9 for
hover are next stated. Nomenclature has been changed in these equations
to apgree with usage in this report,

L

ﬁ = —'A—' . A (hozoh)
I
Mg
¢ = - , E (L.205)
e P9
. NR
r = f- o R (h0206)
33
U = ‘%T cos (e:j +ap) - g sin @ (L.207)
6 - g cos O sin & (L.208)
& -‘S-T sin (6J + aT) + g cos 8 sin & (L.209)
2 2 2
* d & ° d 6 . d ¥
In the above equations p = q, = and r = . L
at? |l g 2 ate ar e

and NR are aerodynamic moments due to reaction controls where A is the
aileron, E is the tailplane and R the rudder. 9J is the angle of
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deflection of the engines nozzles from the centerline (¢L) of the engine,
ap is the angle between ¢L and the x body axis and T is engine thrust,

Equations (L.20L) through (L.209) will be accepted as hover equations
and incorporated in the final equations of motion,

Transitional Flight., Again we turn to Reference 9 and quote here
the transitional flight equations, These equations will be stated in
the nomenclature used in this report, Appropriate comments will be made
for each equation so as to compare it with the math model of Section III,
There are no explicit thrust terms in the X and Z forces. The thrust
terms will be in the final equations =~ (L,218) through (L.<<1l),

X - Force.

MU = qS [C. +C. +C « 6F] - mg (0) (L+210)
Xy *a  XoF
Comparing equation (L4.210) to (3,7), there is no Cx(ﬁ) coefficient

in (4,210), 1In (L.210), CxU + Cx corresponds to Cx(a, Ma) of (3.7)
a

and mg sin 6 &~ mg (6) where 6 is a small angle,

Y - Force.

meqS[C, «B+C_ .50 +4C_ . B5R] +mg (D (L.211)
Vg Yea Y8R

Comparing equation (L.211) to (3.8), there is no C of C
Yea Ysr
in (3.8). In jet aircraft C and C are usually small, They are
YéR YeA
included in (L.211) because of their importance in the transition
region, The term mg cos 6 sin ¢ mg (4) where 6 and & are considered

small angles,

Z - Force,

md = g8 [C. +C . 6F] + mliq (14212)
zU za sz 1

Comparing (L.212) to (3.9), there is no C26 . 6E term in
E

(L,218), This term should be in the final equations since 6E does
affect the Z - Force, The term, Cz + Cz corresponds to Cz(a, Ma),
U a

In the moment expressions Hawker has assumed that crosg-coupling of
angular rates is negligible so the terms like pq; & 0 and r‘a 0O,
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ROllo
. 113 . Vng
p--—-r.DE—IC .B‘C .5"’02 .6R
11 In; L Lsa SR
b b
4 == C e P + c . r] (ho213)
2vB % EV; zr

Equation (L.213) is the same as equation (3,10) if crosse-coupling of
angular rates is neglected.

Pitch.
V%Sc [ c
q= ° C_ +C_ +C o 5E + 5=~ C . q
1 T2y my  my o Tmgp 2Vp My, 1
o .
+ EV;'Cm' . al (L.21L)
a
Yaw,
2
. I \'f
,_p113.pﬁi'si[cn .B4+C  .BA+C_ . OR
33 33 8 6A 6R
o] b
+ g C « P #* c or] ()40215)
2Vg n, QV;' n,

Equation (L.215) is the same as equation (3,12) if cross-coupling
of angular rates is neglected,

From the hover equations and transitional equations final force and
moment expressions will be written,

E JUATIONS OF MCTION ~ P,1127, The equations of motion

herein presented are written by considering the equations (Jj.7) through
(3.12) and the Hawker hovering and translational equations, In equations
(3.7), (3.8) and (3.9), the velocity, U, is predominant, The equations

are written in body axes.
X Force Equation,
v2

m({)+Wq1-Vr)'DT[CXU*Cxa’str.'GF*cx ®)]

+ T cos (9J + aT) - mg sin 8 (L4.216)
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Y Force Equation

2
. v
m(V+Upr «Wp) =p [C. .8 +C .EA+C . 6R]
7 M Y8R
+ mg cos 6 sin & (4.217)
Z Force Equation,
. vés
m(wWe+V,-Uq)=p0p —=——([C  +C +C . BF ¢+ C . SE]
p 1 2 Tzy Zp Zgp Z6E
- T sin (9j + aT) + mg cos 6 cos & (L.218)
Roll Equation,
2
I I -1 L V.Sb
.13 e 33 = 122 A VS
p===(r+pg) - (Z——=hr+ —+Ar—I(C, .8+C . 5A
I 1 Iy U O eIy A Ysa
+C, +6R+ 5%—- Cg D+ 23— c . r]  (L.219)
5R B p B ir
Pitch Equation.
2
I I -1 V_Sc
. Ii3 2 2 11 - 133 Mg o B (c
q-—-(r -p)-(—-—-—-)pr+—.E+ [C ‘.'C."C .6E
+C . 6F + === C . Q + S ¢ . s &] (L.220)
MsF Vg Mg, T 1 g m
Yaw Equation.
2
I I -1 ) Vv
Pe oy (Bl pq o R R Epg L
I33 I33 I 2133 Mg
+C, +BA+C L OBR« 53- C.L «p+ f%"'cn . T) (L.221)
6A 8R s % B "r

For W2 0, V22 0 and a small value of U, equations (L,216) through
(L.221) are equivalent to the hover equations (L.20L) through (L.209)
since all the asrodynamic coefficients in brackets are practically zero,
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As Ul becomes greater (eJ approaches zero) LA’ ME, and NR phase out and

the aerodynamic terms are predominant as in equations (L4.210) through
(L.215), The transitional equations then carry directly into conventional
flight, External stores, rough air, or landing gear conditions are not
developed in equations (L.216) through (L.221).
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APPENDIX A

— \

DERTIVATIM  OF BASIC EQUATIONS OF MUTION

The derivation of the equations of motion for an aircraft flyingin
a crrventional manner has been done by means of a notation that is
economical of srace, Naturally, there is a sorhisticated depree of ab-
stractness in manipulating equnrtions develored in this notation; however,
no rore than the simplest best known exrressions in mechanics and the
representat ion of direction cosines are actually being used, The idea
be ing developed in an equation can be rerceived as a whole using this
notation instead of seeing bits and pieces of derivation, The main terms
of an equation are immediately apparent, and initial assumptions as to
importance of various terms in the ejquation can be applied in order to
give an orderly routine of simrlification of the peneral equation for a
particular_set—efassumptions,

NOTATION '§

The notation employed uses the device of subscripting and super-
scripting a particular symbol with an algebraic variable which will vary
over a rrescribed range. It is actually the range and summation teche
niques developed in Tensor Analysis, More precisely, what is used and
manipulated are Cartesian Tensors. These are rarticularly simrle tensors
in three dimensions using Cartesian coordinates. In fact, for the purposes
of these derivations the only tensor quality is the adaption of the range.
and summation conventions plus a few manipulative methods, and the advan-|
tage gained from Tensor Analysis 1{s a concise notation,

e - SYMBOL
eijk Or €,y is defined in the following manners
eijk = +]1 {f ijk is an even permutation of 123
eiJk = -1 if ijk is an odd rermutation of 123 i
eiJk =0ifi=jorj=koris=koi r J =k
For examrlet \
*l=e3 7 %31 " o2 |
LTee e tfay i \
O=e |

112 © %122 " %121 T -

Reproduced F
o rom
93 Best Availabje Copy
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Kt NSCKER LELTAS (6) .

F.rit Order Kronecker Deltas

. = 0 otherwise (i % j)

Second Order Kronecker Deltas

es";?=+1u"a+b,1+j.aai,b=j
ab . . .

o0 -l afaty, itg, a0
6?? = O otherwise

L

This scheme can be generalized to nth order Kronecker Deltas, How-

ever, since the coordinate systems being used in this reyport are three
dimensional, the highest order Kronecker Delta encountered will be three,

Third Order Kronecker Deltas
abc

6l = *1 if a $btc,atcand ijk is an even
J rermutation of abe,

6§§=-1ifa+t)#c,a+camiﬁkism1Md
permutation of abc.
6??C = 0, otherwise
ijk

Product uof Twn e Symbols
e e - 51K
abc ijk abe
In particualar a special case is
. pajc _ cac
€a3c®i3k ~ Oijk ° Cik
Examplet

513 5

Does e, 5355 = 637

(+1) (-1) = -1

'1 = '1 Q.E.D.

oL
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Expansinn of Second Order Kronecker Delta

ab a b a_b

b, = 6.6 « 5

1y 7 0% 7 b
Examplet

12 1.2 1.2
Does 621 = 6261 - 6162 ?

(-1) = (0) (0) = (1) (1)

(-1) = (-1) Q.E.D.
Examples
11 1.1 1.1
523 = 6253 - 5352
0= (0) (0) - (0) (0
0=0

e - Symbol Time: Krcnecker Delta

a
6 e, = @

d”jmd Jjma

Examplet

1
élejml e
1

But 61

= *]
®im1 T €im
Examples

1

52€3m2 = €jml

AN o

Possibilities

1

622312

"M

0=20

or

1
5810 " €131
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RANGE AND SUMMATION CONVENTIONS. The definitions are as followst
Range Convention., When an uncapitalized letter ( superscript or sub-
script) occurs unrepeated in a term, it is understood to take all the

values 1, 2 and 3, where 3 is the number of dimensions of the spacej i.e.,
three dimensional space.

Summation Convention, When an uncapitalized letter (superscript or
subscript) occurs repeated in a term, then summation with respect to this
letter is understood, where the extent of summation is l...3.

For example, consider the following expressions

J o mevXd k xc
PYoe MV s Ky eyex)
In ij’ the j indicates a range: j =1, 2 or 3

So there is:

P gk

@ elck

2 _ o ooXe k
Fx H(V'x + mxcezck)
FXB - H(ze . vxk:mxce3

Notice now Vx j In Fx1 Fx2 and Fx3 there are two repeated
indices~-c and k. This sguld 1ndicate a summation process according to
the summation conventions

o . é& Pl(GX1 + VKXo
c,k=1

2 _ f: M (;,xz . vkaxce%k)
c,k=1

FX3 = :%:[ﬂ (613 + Vx%mxce

c, k=l

1lck

3ck)

Expand ing FXI it is writtent

e U o R T v‘%‘lwl13
« VM gy ¢ Vol ¢ Vi ey

+ vn'mx3 + sz X3 * Vx3w )M

®13 ®132 ®133

96




NAVTRADEVCEN 1205-2

Collect non-vanishing terms so that

y X3 X2 2 X3
F’X]' =(VXI + V 3m 912} + o 9132)M

PR L (v, X3,X2 | X2 XM
FX2 and Fx3 are treated in a similar mannef.

In the above exransion of FX1, the summation and range conventions
were used. It shguld be noted that there 13 an easier method to arrive
at the expanded FX1.

FLoa mvE! . R )

Note: to be non zero can only have ¢ and k equal to 2 or 3, That iss

®1ck
e1ck = ©123 2Md €13

Then for Fxl we write the ncrn~vanishing terms immediately:
Pl . M(GX1 + Vx%nxze123 NERIRS
Fx1 = (OXI + Vx3wxz- ngwXB)M

Thus, by noting the non zero propertics of the e - symbol, the sum-
mation process can be shortened.

e132)

CONTENTS OF NOMENCLATURE. This is a description of the more important
individual designations that will appear in the terms of the equations.

Position - Particle to Particle, (1) This is designated by a
vector ¥, In the indexed notation ¥ becomes r'l ) which indicates that
? originates at the origin of the t-axes. There may be other vectors
such as r81 op pni,

(2) 1 =1, 2, 3 gives the particular component of rti.

(3) To dif{grentiate between various rti, a subscript is added.
o

There results r°>, ’ii’ r§i, . . . . . or for a particles rgi .

Velocity. This iss
ti ti
v io

ti | 4t
it

ti ti
v §2

2

and for a particle V;i = }ti
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All dots over symbols refer to derivatives with respect. to time,

Remember that ti can be replaced by yi, zi, si or some other set of
coordinates,

Acceleration. This ist

si _ st o w51
ao V1 ‘ro
si \.ISi . .}si
8 1 1
i °si si
and for a particle a°> = V° T
o] particle ap P = rp

Mass. A mass point is designated as m_, When deriving equations of
motion a summation of mass points is made,

Examplet
For fuselage particle: jhp = MF(mass of fuselage)

Force. In generals: F=mna (vector form)
Now in indexed notation for examplet f;i = mpa;‘i

But the equations are developed by knowing what particles are being
manipulated. If the expression for the fuselage particle is being

sought the final form will be:
ftl =m ati » Where ati is acceleration and is a function of

p
direction cosines, position vectors, and rates of change of both.

Integratings /Tp = Fp Subscript F fuselage
/hp = Mo MFEE'Mass of fuselage particle
Torque. Vectorial: ?- ? x ?
sm sj_sd - fsjrsd

Now in indexed notationt ¢t~ = Mo o €imd PP

Integratings /%sm T;m if aSJ is the acceleration associated
with the fuselage particle. P

Inertia, Vectorialt The angular mementum T = é—; [mi—r’1 x (@ x ?i)]

To, & e 0 £
or T = T, & m (] + 29 %y T M*Ys T 9% e MM%
- 2 2 )2
ML tl XYyt %y g\ my(xy vz -0 Gyl

+;<’[-w gi mx.z, - % my,z, + ﬁm(x2¢ 2)]
x 1=1 104%1 T Yy {1 M%7 9 fa] My\Xg Yy
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Moments

ji mi(

Products

2 mxy; = 1

Now in indexed notation?

I _defines both moments and products of inertia,

Pq

NAVTHADEVCEN 1205-2

of inertia are terms 1 iket

2 2
yi * Ai) - Ixx
of inertia are terms likes

Xy

Xa xd

= /hprp b epak qdk; p, q fixed

rxarxd -1

x'
o Mty Tp

1 a
a * 3y ¢ Tyt 13308,

To make this clear

consider the following exampless
xa_xd xa xd.qd
1 = e r
pa = /™" p pak®qak = /Mo “p Opa
Examples Moment of inertia
xa xd 1d
= /meT Tp O1a
ld (12 13
Now éla’ 612, and 613 are non zero
Thens
- X2 x2 12 X3 x3 13
I _/'mpz'p /' r 13
12 13 _
612 = +1, 613 +1
- X2,2 X3, 2
L, ./mp[(rp ¢ (e 7]
Examplet Product of inertia
xa_xd _2d
112 mprp rp 51a
2d 21
Now 61a 612 -1
Thent
X2 X1
Lo = ~/myrpry
E: mriee
¥t ar?“‘ « 1.+ 3 ie
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let a=1andd =1

L X1 X
= -1
‘Mp"p Tp

67 = +1

1
1
L, - /hp[(rg2)2
I, = /n [(r2)?
L, = /nl(53h°

So thats
T N G I
pp Tp 2 =

X1 X1 X2 X2 X3 X3
r = - r r
LR /my P rn = My Ty

PPy Ty
7

! Xz X2
+ r
/hprg p /hirg "p

AXES SYSTEMS

Two different axis systems are described--the inertial system and
the fuselage system in terms of direction cosines. Direction cosines
are the angles which define a vector in a particular axes system, The
matrices developed in this appendix relate the measurement of a unit
length in one direction as measured in a different direction. This is
accomplished by the reorientation of one axis system with respect to
another axes system. The method used is to consider that the axes
systems have common origins and then by rotating the axes cf one system
with respect to the other achieve coincidence, The direction cosines
measure this rotation,

In this report objects in three dimensional space are described by
the use of Cartesian coordinates which are orthogonal by definition,
Orthogonal ity allows the transpose of the direction cosine matrix to
equal its inverse. It is sufficient to describe the rotation of one
axes system with respect to another by the use of three angles (Euler
angles).
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INERTIAL AXES SYSTEM, The system is identified by Na axes (a = 1, 2, 3).
N1l is in the horizontal plane with positive direction North,
N2 is in thehorizontal plane with positive direction East,
N3 is normal to the NIN2 plane with positive direction down,

THE FUSELAGE AXES SYSTEM, The system is identified by xa axes (a = 1,2,3),
This axes system corresponds to the body axes system used in normal air-
craft parlance. The origin is fixed in the fuselage (usually at the
nominal center of mass). The origin of the x-axes is separated from the
origin of the N-axes by a vector r --see Figure Al.

x1 is in the horizontal plane with positive direction noseward.

x1 is not necessarily parallel to the water line axis defined
by the aircraft manufacturer,

x2 is in the horizontal plane with positive direction right,
x3 is normal to the x1x2 plane with positive direction down.

INERTIAL TO FUSELAGE AXES DIRECTION COSINE IATRICES. Three angles, the
Euler angles are sufficiegt to locate the fuselage in inertial space,
The inertial system is translated such that its origin coincides with
the origin of the fuselage (i.e, the nominal c.m. of the aircraft).
Specific rotations of the N-axes are then made so that a unit of
measure in the N-axes can be expressed in the x-axes, In each case the
particular rotation is in a plane so that there is a rotat.~»n about the
third axis~-that is the rotation written as a matrix is sim ~; sines
and cosines of the rotating angle with the orthogonal prope: ¢y of the
axes systems stating that sinc ¢ cos¢ = 1, This will become clear.

The three rotations are y, 9 and ¢,

Yaw by Angle ¥ Around N3 Axis., Here an intermediate system N' is
defined by the rotation of ¥y around N3.

Define C as direction cosine matrix,

[ ] ] ]
N'1 N'2 N'3 N1
N1 cosy - siny 0
C:?‘, = N2 siny cosy 0
N3 0 0 1
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Fuselage Center of Mass o~
Mass Particle Center of Gravity

of Aircraft
m
P \ +
P

& x1
X - Body Axis
Nose of
x2 Aircraft
y - Body Axis
Right Wing
of Aircraft
4 ’! Fusel age Axes
o 2z - Body Axis Aircraft Body

Axes

2 N1
“//’—,4””’—’,— North

N2
East -

Y

X

* Inertial Axes

N3
Down

Figure Al, Inertial and Fuselage Axes
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Pitch by Angle 8 Around N'2 Axis, }‘{ere an intermediate system N
is defined by the rotation of 8 around N 2,

N1 N"2 N"j - _.an
N'1]| cosé 0 sin® 0
[}
N'Y \ N1
CNH§ = N2 0 1 0
] i
2 =
N'3| -siné 0 cos® N N2 \
14 4 1}
N3 N 3

Roll by Angle ¢ Around N''l Axis, This third rotation arrives at
the x-axes,

x1 x2 x3
N'"1 1 0 0
"
C::ﬁ ;- N " 2 0 cos$ -3ing
N''3 0 sin¢ cosd

Combination of Three Rotations (v, 6, #). To get the final result--
the relation between the inertial coordinate system and the fuselage
coordinate system--a matrix multiplication is performed,

This multiplication is

i = difx Sl

cosy | -siny 0 cos® 0 sin® 1 0
siny cosy 0 X 0 1 0 Ix O | cosé

C 0 1 -sin® 0 cos® 0| sine
cosy | -siny 0 cos0 | sind® siné sin® cos®

siny cosy 0 x 0 cosd - sind - C:;
0 o) 1 -3in® | cos6® sin® cos® cos¢
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x] x2 x3
N cosy cosé cosy 8in® sin® | cosy sin® cosd
~3iny cosé +siny sineé
N2 siny cos® siny sin® sind siny 8in6é coes$ - cNa
+cosy cos? -cosy siné xp
N3 -3ind cos® sing cosd cosd

Note that cﬁg cﬁg -1
where Cyf = (e} = ()T

( !
T

Inverse matrix

( )

Transpose matrix

¢, 0 and v; are measured as p, qy and r
The dot is the total deriva-

INBRTIAL TO FUSELAGE AXES RATES.

around the x1, x2 and x3} axes respectively.
tive with respect to time,

; Occurs Around the N3 Axis, To get the direction cosine components
refer to Cﬁ“ .

B
p = r;(-sine)

q * ¥ cosf sind
rs= ;v cos® cosd

9 Occurs around the N'2 Axis. To get the direction cosine components

refer t.? " '
Qg x o = oy
p =6 (0)
ql- 8 cosd
r = 8 (-sins)
& Occurs Around the Ni' axis, To get the direction cosine compoments

refer to oN''l.
xp

p- & (1)
ql-é(O)
r -;(O)
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Combination of Three Rates (p, 9, r).
p = v (-51n0) + 0 (0) ‘o)
q, = v cos® sin® + ; cos® + 0 (0)

r = ¥ cos@® cos® + 0 (-81nd) + 5 (0)

In matrix noctation this becomes

P -81n@ 0 1 v
a | =| cose sine cos® o |x | @
r cos®  coad -8ind 0 é
By forming ihe inverse there is
; p [ sin ¢ cos ¢
0 oo 8
& |- q | % 0 cos @ ~oin &
¢ r 1 Tan 9 sin ®|Tan 6 cde @

DERIVATION OF FORCE AND TORQUE BQUATINS

The derivation of force and torqus equations is done in conoise
notation. Certain assumptions are present in the use of theee airoraft
equations of motion. These assumptions are &s followess

(a) The earth is assumed to be a flat plane with gravity acting
normal to this plane and it ie not rotating or translating
through space. In the derivation of the equatioms of motion,
Newton's law, F = ma, is used " its most simpls forw--
there is no mass variation with change in tims.

{b) The x1 and x3 fuselage axes defins a plane of symmotry for
the aircraft.

(c) Thers is a fixed center of gravity.

(d) Thers is no relative motion betwesn the earth and its
atmosphere.

The equaticns will now be develcped using the inertial and fuselage
axes, Newton's lsw, and direction cosines of the Bulerian angles.

Revision No, 1
1085 Revised 23 Moy 1964
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FUORCE AUDOCIATED WITH THE FJUELAGE P ARTTCLE., The position of m_ for the
Faselare yarticle with respect to Ni frame of reference is statéd ass:
Ni _ Ni xa Ni o .
r = ro + l}" Cx‘;1 . oee Fu:ure Al

he inertial system velocity is given ass

LA T RN
VJI = ;Ni w ﬁNi + {xaChl + *aCNI by differentiation of rNi.
r o) r xa P

18 s on 2 - .
Vhl = f"l + '8 Chl,fXA = 0 since r'' = constant

o p xalkp P
“Ni Ni xc
but C xa bew €. be? therefore

VN-1 = ?Ni + x [CNl *Ye ] by substitution (A1)

P o r - xb abce

Note: For vector treatment of this, refer to Reference 3, Theoretical
Physics - Mechanics by F. W, Constant, pages 69 to 71.

The inertial system acceleration is given by a siniilar procedure as

Ni "Ni
=V
% P
Ni _.4Ni Ng xc, Ni xc
ap 2“o * [C ﬁ €abe * Cxﬁ” eabc]
Ni _.,\Ni Ni 3%Cq Ni *Be Xxc
ap Po [C €abe * th bhg(~ eabc]
Ni . Ni a Ni xc Ni Xg Xc
p ' p beé €abc ¥ r *c xh” i bhge abc °* (42)
For a particular mass prarticle mp it can be said that
Ni Ni
f =nma A
p PP (43)
and transforming to the x-axis
e« ahictd (3)

pPp Ni°®

Substituting (A2) into (A3) yields

I oNi xa Ni xc xa-Ni xg xc xJ
f; mprro * x.p be‘5 €abc * r CN bhgeabc]CNi

Interchange b and h where they both apprear in the same term and
then by changing b to J,

J . mp[ygic:i + r:a&xceajc + r:awxgmxcehjgeahc]' (AL)
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Nuw is written

LA

)
J . N1 nx[
v Ty Nt
VXJ =.}N1nx3 . .N1ka xc (AS)

o “Ni = To “N{" ejkc’
koo aNigxk (A6)
o Ni

Substituting (A6) intc (AG) gives

PIo g Nigxd ke,

Jke

Rearranging and letting ejkc = -ejck’

V;
~XJ VXJ VXKmxce. . (A7)
jeck
Substituting (A7) into (A)) offers
- X J k xb Xa4XC Xa Xg XC
mpKVx + Vx w ejbk) + rp N eajc + rpxn A eahcehjg]'

Integrating over ng, mp and mpr:a finally yields.

X3 *Xj K xe | Xauxe Xa Xxg Xc

F = MF[Vx + Vx W e*ck + IF ¢ eajc + rF«o ) eabcebjg]'
Since

2 = h‘jg = th = Jg

Lahcehjg ahc 5hca &ca ’

ij _ ﬁxj XK xe . u X8 eXC X Xg.3g
- "'IF( + N ej ) M,;. P (8 e_ ., + 0T éca) R
(AR)

TOR JE DJE TO THE FIGELAGE FAATICLE, The definition of torque offers:

X _ x 3 X1 E.X) xd
~ m r = “r 2 .
vz %-3 r 1md r 'y ¢imd

ot is, vy krowing the force, the corgqe of a particie can be developed
oy sibstituting for £X) the terms ™ a from (AB)’ realizing, ~{ course,
N p v
X3 . .
that this A" i5 the acceleratior exrression ievelored for the fuselage
rarticle, Thern 1t foliows rom nne substitution that

X7 xd K xc XaXC Xa Xc x
Lo ar “vx . eick! * o €33c * I'p # Pfjg]e1m
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By substituting (A9) into the expression

S = T’;.'“ (A10)

There is obtained

m xd ,.x] k xc
T; /hprp (v e e ejck)ejmd
xa _xd.xc
+ jhprp Ty A ®a5c®jmd (A11)

xa_xd xc, Xg je
+ /hprp Pt écaejmd

Cons ider the second and third terms of the expression (All). These
will be developed using the definition of inertia, The definition is:

Ipq = STy ehak®qdk? with p, q fixed (A12)
xa_xd.pa
I =/mr r’°6 Al
P fpppqd’ (A13)
or,
xa_xd 1 a
m o Tp -Iad + -2-(111 + 122 + 133)6d. (AlY)

xa xd.xc Xc
fmprp rp A €a3c®imd - [Iacmd) . (Al5)
Now is written

/m rxarxdwxcwxn& jge

PP P ca“jmd

_ 1 a, xc xg.jeg

= (-Iad + 5(111 * I, 0 133)6d) 0w 6caejmd (A16)

and knowing that

a

54%3ma * ®jma

68 = 6368 . 5768 (A17)
ca ca ac

Subst itution of (Al7) into (Al6) gives

xarxdmxcmxgbjge

/hprp P ca jmd

o _.XC Xg J:8 _ £Js8
W@ Iadejmd(bcba 6860)

1 JeB _ 58y ,XC XE
* ?(111 * I22 * 133) (acba 6abc) wow ejma
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- nXC XE o XC XC
we Igdecmrl rew Iadeamd

xc xg 1 _ Xc xc 1
v S Ly e Ly ¢ Tyg) e =@ 0 BTy ¢ Iy v Igg)e

XC Xg
- o Ww -l e o (A18)
ng cmd

Then, in conclusion,
xé, ox) k xc
T = Mprp (7Y e 7w ®5ck’®ynd

+'I'c.d5xc - “’xc“’xg;g Comd (A19)

which is obtained by substitution of (Alg) and (Al18) into (A11).
EXPANSION OF FORCE AND TORQUE EQUATIONS, Equation A8 is the force equation
and equation Al9 is the torque equation., The terms in these equations are
defined as follows:

(a) HF is the aircraft mass.

(b) in ars body axes velocities,

(¢) ©®° is an angular velocity around the appropriste body axis,

{d) r; is the displacement of the center of gravity from

origin of the x-axes. Here r;. = 0,
(e) F;J are body axes forces.
(r) T;m are body axes torques.

Dropping the subscript F these equat ions are then written ast

ij_M(;IXJ’vxkxc

w ejck)
T el 0% <™y e W7
ca gd cmd
Expanding these equations there isi
r"]' - M(VXI " 'anm)d _ Vx2wx3)
p‘x2 - M(",JQ + \?(10»)(3 - V'wa’d)
Sl R i el T
x2 x

1 x1 x3 x2 x1 3 x3 x2
‘rx Ill(b 01,13& + W W LnﬁwmI”—wm 122
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22 13 33
3 x3 . x1 _ x2 x3 xl x2

™’ - I.. D + 1.0 W w I I'll + 0w 122

lw IIQViSi()n NO. 1

33 31 31
Hevised 2R May 3964

31

x2 x1
w ()




NAVTRADEVCEN 1205-2

Since the aircraft is symmetric with the x1 - x3 plane only the 113 rroducts
of inertia exist, 113 carries a minus sign.

Finally, by using more conventional nomenclatuge these force and moment
equations will be more readily recognized, FX1 px¢ pFx3 X1 X2 ang

TX3 are the total external forces and torques, and as such denote aerodynamic
effects (also gravity and thrust effects if applicabile).

FXI = Xa, total aerodynamic x-force,
Fx2 - Ya, total aerodynamic y-force,

Fx3 = Z,, total aerodynamic z-force.
™ .1
™ - M

™ . Na’ total aerodynamic turning moment,

a’ total aerodynamic rolling moment,

x total aerodynamic pitching moment,
VXI = U, velocity along x-body axis.
sz = V, velocity along y-body axis.

Vx3 = W, velocity along z-body axis,

wXI = p, angular velocity around x-body axis,
wx? ®q, angular velocity around y-body axis,
x3

w” = r, angular velocity around z-body axis.
M = m, the aircraft mass,

The equations for the basic aircraft then become the following expressions.
X. - m(ﬁ + qu - Vr)

Y =m(V + Ur - Wp)

Z_ = m(& + Vp - Uql)

L
]

M, = T4 - I13(r2 - o) (L, = Iy)pr

R T PR LU E PR U )
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